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Abstract
In normally hearing listeners, binaural hearing relies on symmetrical input from the two ears.
Previous studies on human listeners have assessed the effect of induced unilateral conductive
hearing loss (UCHL) during adulthood via earplugging. These experiments indicated initial
difficulty in sound localization followed by gradual improvement due to adaptation to the
perturbed binaural cues. The limited duration of earplug use does not represent the
consequences of chronic UCHL secondary to disease. Furthermore, there is insufficient
information regarding the adaptation of binaural hearing abilities after treatment of late-onset
UCHL.
The current study assessed the binaural hearing abilities of adult listeners with UCHL via
behavioral and electrophysiological measurements. The dominant etiology of the hearing loss
was otosclerosis. Furthermore, improving binaural hearing abilities following surgical
treatment of UCHL caused by otosclerosis was monitored throughout one year post-surgery.
Before including the binaural interaction component (BIC) of the auditory brainstem
responses as the electrophysiological measurement, its test-retest reliability was confirmed
on normal-hearing listeners. The largest evoked potentials were collected using a midline
electrode configuration, and the effect of inter-session interval was investigated.
Participants with UCHL showed elevated interaural time difference discrimination
thresholds, but their near-normal sound localization ability suggested possible adaptation to
the altered binaural cues. Spatial release from masking was lower than for a control group.
Binaural loudness summation was inflated, and this abnormality was salient for those with
moderate and moderately-severe UCHL. The brainstem BIC could not be detected in ten of
eleven participants.
Measurements were repeated up to three times throughout one year after stapedotomy in
patients who registered for corrective surgery. A gradual improvement in binaural hearing
tasks after the surgery continued for 6 to 14 months. The objective measurements (BIC) did
not show improvement throughout the study for the majority of the participants.
ii

Overall, the results of this study suggest that UCHL-driven deficits in binaural hearing
improved throughout a year after the corrective surgery. Some of these changes may last for
a long time or remain unresolved, however. Counselling the patients regarding the
consequences of UCHL and available intervention options, and creating reasonable
expectations about the treatment will be promising.

Keywords
Binaural hearing, chronic unilateral conductive hearing loss, mature auditory pathway,
otosclerosis, sound localization, binaural loudness summation, binaural interaction, spatial
release from masking, interaural time difference, binaural cues
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Summary for Lay Audience
Access to sound with two normally functioning ears, known as binaural hearing, allows a
listener to achieve the advantage of three-dimensional hearing, to perceive the location of
sounds, and to identify sounds of interest among the background noise. However,
asymmetrical auditory input due to hearing loss in one ear interferes with sufficient access to
the binaural cues and degrades these abilities.
The current study is the first to assess the effects on binaural hearing of long-lasting hearing
loss in one ear during adulthood that is caused by otosclerosis, which is a disease that
obstructs sound transmission via abnormal growth of bony tissue in the middle ear. This
assessment was conducted via behavioral and physiological measurements (auditory
brainstem responses).
The results indicate that chronic asymmetrical hearing loss due to otosclerosis results in
difficulty in sound localization, reduced speech intelligibility in noise, and abnormal
loudness perception. These changes were more apparent in patients with a high degree of
hearing loss. The results of the auditory brainstem response measurements were also
consistent with abnormal processing of the binaural sounds that are received asymmetrically.
Following corrective middle-ear surgery, the measurements were repeated, and the results
indicated that the recovery process for some binaural hearing abilities may take up to one
year, and for some characteristics may remain unresolved. The auditory brainstem responses
showed inconsistent improvement after surgery, in contrast with the test-retest reliability of
this measurement in normal-hearing listeners.
Overall, the results of this study could be applied as a counselling tool for the patients who
experience hearing loss in one ear, to inform them regarding the consequences of unilateral
hearing loss, the intervention options to correct their asymmetrical hearing, and to provide a
reasonable expectation about surgical treatment.

iv

Acknowledgments
Foremost, I would like to express my sincere gratitude to my supervisor, Dr. Ewan
Macpherson, for his continuous support, advice, and immense knowledge that encouraged
me to conduct this project. His guidance, critical thoughts, and constructive feedback were
tremendous sources of advice for me to learn the concept of spatial hearing, psychoacoustic
measurements, and analyzing the results with MATLAB. As a graduate student of Dr.
Macpherson, I enjoyed the great privilege of learning to conduct sound localization
experiments in the anechoic chamber, one of the numerous reasons that make the National
Centre for Audiology in Elborn College a unique place for hearing research.
I would like to thank my advisory committee members: Dr. Susan Stanton who has been
always a great source of comment when I had questions about the ABR measurements, and
Dr. Susan Scollie for her endless scientific support for measuring the loudness perception in
this project and throughout the pleasant academic journey that I have had in Western
University.
I am very grateful to Dr. Lorne Parnes for his comments, support, and contribution to patient
recruitment from the University Hospital. I would also like to thank Elizabeth Wood, Dr.
Paula Folkeard, and the staff members for helping me to invite potential participants for this
project from the University Hospital, NCA research database, and H.A. Leeper Speech and
Hearing clinic.
I would like to express my gratitude to Dr. Prudence Allen for her great advice and
encouragement to develop an experiment to assess the test-retest reliability of the ABR BIC,
and am grateful to Dr. Vijay Parsa for developing the HINT software. I would also like to
thank Steve Beaulac for developing the loudness perception software and his continuous
support with his sophisticated software expertise, and to thank David Grainger for his
technical support.
Thank you to JC Bordo for his prompt answers to my questions about SmartEP software and
providing me with his professional advice and documents to learn ABR measurement with
the IHS system.
v

I would like to thank all participants of this project who dedicated their invaluable time to
assist me with this research. This project would not have been done without their
contribution and collaboration. Thank you to my friends and fellow graduate trainees, Dr.
Jonathan Vaisberg, Dr. Raphaelle Koerber, Dr. Renita Sudirga, and Sally Norris for their
supportive insights and willingness to participate in my pilot studies.
The financial support for this project was provided by Western University, the National
Sciences and Engineering Research Council (NSERC) and the Ontario Research Fund.
My special thanks go to my parents who have always supported me with their kind words,
and encouragement to pursue my work.
And finally, my sincere and heartfelt thank is for my family, Farzad and Katayoun, for their
unconditional love, patience, and immense support at every moment throughout this journey.
Without you I could not go this far. Thank you!

vi

Table of Contents
Abstract ............................................................................................................................... ii
Summary for Lay Audience ............................................................................................... iv
Acknowledgments............................................................................................................... v
Table of Contents .............................................................................................................. vii
List of Tables .................................................................................................................... xii
List of Figures .................................................................................................................. xiv
List of Appendices ......................................................................................................... xxiv
List of Abbreviations ...................................................................................................... xxv
Chapter 1 ............................................................................................................................. 1
1 Introduction and background ......................................................................................... 1
1.1 What is binaural hearing ......................................................................................... 2
1.1.1

Binaural hearing abilities ............................................................................ 2

1.1.2

Subcortical auditory pathway involved in binaural hearing ....................... 5

1.2 Subjective and objective methods of assessing binaural hearing ........................... 9
1.2.1

Psychoacoustics .......................................................................................... 9

1.2.2

Hearing in noise test (HINT) .................................................................... 13

1.2.3

Sound localization..................................................................................... 13

1.2.4

Binaural loudness summation ................................................................... 17

1.2.5

Auditory brainstem response and binaural interaction component........... 18

1.3 Otosclerosis as a model for late-onset conductive hearing loss ............................ 22
1.3.1

History and site of lesion .......................................................................... 23

1.3.2

Prevalence ................................................................................................. 24

1.3.3

Audiological manifestation before treatment ............................................ 25

1.3.4

Interventions ............................................................................................. 28
vii

1.3.5

Audiological outcomes after surgical intervention ................................... 31

1.4 Effects of unilateral conductive hearing loss (UCHL) ......................................... 32
1.4.1

Effects of UCHL on binaural hearing ....................................................... 32

1.4.2

Effects of UCHL on central nervous system and binaural hearing .......... 37

1.4.3

Neural plasticity after the treatments of the UCHL .................................. 43

1.5 Motivation, study questions and hypotheses ........................................................ 45
Chapter 2 ........................................................................................................................... 48
2 Optimizing electrode configuration and inter-session intervals for test-retest reliability
of the auditory brainstem binaural interaction component .......................................... 48
2.1 Introduction and Motivation ................................................................................. 48
2.2 Materials and Methods .......................................................................................... 51
2.2.1

Participants ................................................................................................ 51

2.2.2

Electrophysiological acquisition ............................................................... 51

2.2.3

Stimulus .................................................................................................... 54

2.2.4

Inter-session intervals ............................................................................... 58

2.2.5

Statistical Analysis .................................................................................... 58

2.3 Results ................................................................................................................... 63
2.3.1

Waveform amplitude depends on the electrode configuration in a single
recording session ....................................................................................... 63

2.3.2

The signal to noise ratio (SNR) and the residual noise (RN) were
independent of the electrode configuration............................................... 68

2.3.3

The peak amplitude of the wave V and DN1 was dominant at the midline
electrode consistently across four test sessions ........................................ 74

2.3.4

The amplitude ratio of the DN1/wave V was independent of the electrode
configuration but dependent on the inter-session interval ........................ 77

2.3.5

The DN1, but not the DP1, remained consistent across test sessions ....... 80

2.4 Discussion ............................................................................................................. 82
Chapter 3 ........................................................................................................................... 87
viii

3 Experiment II: Measuring binaural hearing abilities of adult listeners with acquired
unilateral conductive hearing loss ................................................................................ 87
3.1 Introduction and motivation .................................................................................. 87
3.2 Methodology ......................................................................................................... 90
3.2.1

Participants ................................................................................................ 91

3.2.2

Hearing threshold measurements .............................................................. 94

3.2.3

Sound localization..................................................................................... 94

3.2.4

Spatial release from masking (SRM) ........................................................ 99

3.2.5

Interaural time difference (ITD) discrimination threshold ..................... 101

3.2.6

Binaural loudness summation ................................................................. 105

3.2.7

Auditory Brainstem Response Binaural Interaction Component (ABRBIC)......................................................................................................... 109

3.3 Results ................................................................................................................. 111
3.3.1

Hearing threshold measurements ............................................................ 111

3.3.2

Sound localization................................................................................... 113

3.3.3

Spatial release from masking (SRM) ...................................................... 132

3.3.4

Interaural time difference (ITD) discrimination threshold ..................... 137

3.3.5

Binaural loudness summation ................................................................. 140

3.3.6

Auditory brainstem response binaural interaction component (ABR-BIC)
................................................................................................................. 152

3.3.7

Interaction among the binaural hearing abilities ..................................... 159

3.4 Discussion ........................................................................................................... 167
Chapter 4 ......................................................................................................................... 178
4 Experiment III: Binaural hearing abilities of listeners with unilateral otosclerosis
before and throughout one year following corrective surgery ................................... 178
4.1 Introduction and motivation ................................................................................ 178
4.2 Methodology ....................................................................................................... 181
4.2.1

Participants .............................................................................................. 181
ix

4.2.2

Measurements ......................................................................................... 184

4.3 Results ................................................................................................................. 184
4.3.1

Hearing threshold measurements ............................................................ 185

4.3.2

Sound localization................................................................................... 190

4.3.3

Spatial release from masking .................................................................. 206

4.3.4

Interaural time difference (ITD) discrimination threshold ..................... 210

4.3.5

Binaural loudness summation ................................................................. 213

4.3.6

Auditory brainstem response binaural interaction component ............... 224

4.4 Discussion ........................................................................................................... 238
Chapter 5 ......................................................................................................................... 245
5 Conclusion ................................................................................................................. 245
5.1 Significance......................................................................................................... 245
5.2 Clinical applications............................................................................................ 247
5.3 Limitations and Future directions ....................................................................... 248
Bibliography ................................................................................................................... 250
Appendices ...................................................................................................................... 266
Appendix 1 ................................................................................................................. 267
Amplitude and Latency of wave V and BIC across channels during the initial ABR
measurement for assessing test-retest reliability of the ABR BIC ...................... 267
Appendix 2 ................................................................................................................. 268
The wave V and DN1 latency (ms) for the control group and four test sessions of the
study group (pre- & post- surgery) ..................................................................... 268
Appendix 3 ................................................................................................................. 269
The wave V and DN1 amplitude (μV) for the control group and four test session of the
study group (pre- post-surgery) .......................................................................... 269
Appendix 4 ................................................................................................................. 270
Ethics Approvals: UWO research ethics approval ..................................................... 270
x

Appendix 5 ................................................................................................................. 271
Ethics Approvals: Lawson research institute ............................................................. 271
Curriculum Vitae ............................................................................................................ 272

xi

List of Tables
Table 1.1: Summary of studies for assessing the effects of UCHL on the central nervous
system ..................................................................................................................................... 42
Table 2.1: Stimulus and recording parameters for ABR measurements ................................. 56
Table 2.2: Mean (SD) of the DN1 amplitude across sessions and channels........................... 77
Table 2.3: Within-subject variability. Mean CV of the amplitude ratio (DN1/wave V)
between two consecutive sessions for each channel (*CV: Coefficient of Variation) ........... 78
Table 2.4: Amplitude ratio (DN1/wave V) across subjects for each channel. (*SD: Standard
Deviation, CV: Coefficient of Variation) ............................................................................... 79
Table 3.1: Experiment conditions ........................................................................................... 90
Table 3.2: Demographic information of the study group ....................................................... 93
Table 3.3: Stimulus level for sound localization (dB SPL) .................................................. 114
Table 3.4: Mean ± SD head rotation distance from the original position to the targets for the
control group. ........................................................................................................................ 127
Table 3.5: The range of the ITD discrimination threshold for the control and the UCHL
groups. ................................................................................................................................... 138
Table 3.6: Binaural loudness summation rating (averaged Monaural, Binaural, Binaural
minus averaged Monaural). .................................................................................................. 144
Table 3.7: Slope of the loudness growth function in monaural and binaural presentations . 146
Table 3.8: Mean ± SD wave V and DN1 latency and amplitude for the control group and
individuals with UCHL ......................................................................................................... 157
Table 4.1: Demographic information of the study group ..................................................... 183
Table 4.2: Post-operation assessment scheduling: number of days after surgery................ 184
xii

Table 4.3: Stimulus level for sound localization experiment (dB (A)) ................................. 191
Table 4.4: Mean ± SD head rotation distance from the original position to the targets. (agerange matched control group) ............................................................................................... 201
Table 4.5: Binaural loudness summation (binaural loudness rating– monaural loudness
rating) for the control group .................................................................................................. 214
Table 4.6: Descriptive statistics associated with the slope of the loudness growth function
(rating steps/dB) for the control group.................................................................................. 217
Table 4.7: Wave V characteristics for the control group ...................................................... 225
Table 4.8: Adjusted levels for the ABR measurements throughout the study time .............. 227

xiii

List of Figures
Figure 1.1: Ascending auditory brainstem. The plot was regenerated from the source (Moore,
1991) ......................................................................................................................................... 5
Figure 1.2: Detail of ascending projections from each subdivision of the cochlear nucleus. A)
superior olivary complex, B) nuclei of the lateral lemniscus, C) inferior colliculus. The plot
was regenerated from the source (Moore, 1991) ...................................................................... 6
Figure 1.3: Sound localization associated with the Jeffress model. The plot was regenerated
from the source Campbell & King (2004). ............................................................................... 8
Figure 1.4: Loudness category numbers and descriptions are shown to the subject during
testing. The plot was regenerated from the source: (Cox, Alexander, & Taylor, 1997)......... 10
Figure 1.5: An example of the two-down one-up procedure in adaptive technique for
detecting interaural time difference (ITD). The figure was regenerated based on the source:
(Plack, 2014, p. 273) ............................................................................................................... 12
Figure 1.6: Illustration of the aural axis, median plane, horizontal plane. The figure was
regenerated from the source: (Kang, Choi, & Martens, 2016) ............................................... 14
Figure 1.7: A) position of the target sound on the median plane B) A typical median plane
transfer function associated with the location of the targets. Source: (Macpherson &
Middlebrooks, 2003) with permission. ................................................................................... 15
Figure 1.8: Dynamic binaural cues with head movement. Source: provided by Devin Kerr
and initially appeared in the thesis of Birtch, (2012) .............................................................. 16
Figure 2.1: Schematic floorplan of the soundbooth for the ABR recording. .......................... 52
Figure 2.2: A) waveform of a broadband falling chirp (Raw Chirp), B) instantaneous
frequency for the Raw Chirp, C) flat-spectrum of the reversed (rising) chirp, D) waveform of
a reversed chirp with the flat-spectrum ................................................................................... 55

xiv

Figure 2.3: Typical ABR and the calculated BIC with chirp stimulus. The major peaks were
marked with arrows. The shaded area indicates the pre-stimulus recording .......................... 58
Figure 2.4: Split-sweep algorithm to calculate signal and noise estimate for a typical
waveform from the current study............................................................................................ 60
Figure 2.5: A) grand average ABR of 13 participants for all recording conditions and the
calculated BIC from 5 separate channels, B) Superimposed BIC from 5 channels. .............. 64
Figure 2.6: A) Mean ± SD wave V peak amplitude and latency (top row), B) Mean ± SD BIC
amplitude and latency (bottom row). The horizontal lines indicate significant differences. .. 66
Figure 2.7: The time window for calculating the SNR is shown between the two dashed lines.
................................................................................................................................................. 68
Figure 2.8: The stem plots indicate the relationship between the wave V amplitude and the
SNR for each recording channel within the defined time window. A and B) are for the
monaural responses, C and D) are for the binaural and summed monaural responses. E) The
DN1 amplitude is shown with reversed z-axis for visual comparison.................................... 70
Figure 2.9: The stem plots indicate the relationship between the RN and the SNR for each
recording channel within the defined time window. A and B) monaural responses, C and D)
binaural and summed monaural responses, and E) the DN1; Asterisks show the significant
relationship between the RN and SNR ................................................................................... 72
Figure 2.10: The SNR of the BIC across channels within the defined window (14 to 20 ms).
Notches of the box plot indicate the variability of the median between samples. When the
width of the notch of boxes does not overlap, the data have different medians at α=0.05 level.
................................................................................................................................................. 73
Figure 2.11: Wave V and DN1 amplitude across test sessions and recording channels. A and
B) monaural responses, C and D) binaural and summed monaural responses, and E) the DN1.
The horizontal lines indicate significant differences. ............................................................. 75
Figure 2.12: The BIC morphology across 4 test sessions: S1: initial recording, S2: long intersession interval, S3: short inter-session interval, S4: medium intersession interval .............. 81
xv

Figure 3.1: Schematic floorplan of the hemi-anechoic chamber and the position of the listener
at the centre of the loudspeakers’ array. ................................................................................. 95
Figure 3.2: Diagram of the head rotation task. The trial started when the head turned to 45
degrees on either side (e.g., A). The head tracker monitored the head position continuously.
When the head entered the defined spatial window, the stimulus was gated on (B), and when
the head exited the defined spatial window, the stimulus was gated off (C). The listener
continued head turn to the 45 degrees (D). The spatial window was selected randomly by the
software between 10, 20, and 40 degrees. The direction of the sound could be from the front
hemifield or rear hemifield. The participants continuously rotated their head between ±45
degrees azimuth throughout the experiment. The graphic was provided by Devin Kerr and
initially appeared in the thesis of Birtch, (2012)..................................................................... 98
Figure 3.3: Schematic floorplan of the sound-treated booth for the HINT test ...................... 99
Figure 3.4: Stimulus setup for measuring the detection threshold of lateralized stimuli with a
defined interaural time difference (ITD). Source: Macpherson E.A. presentation ............... 103
Figure 3.5: Computer screen for responses to the Left-Right discrimination experiment.... 103
Figure 3.6: An example of the adaptive procedure for one participant to determine the ITD
discrimination threshold. Arrows show 10 reversals. Asterisks show the 6 reversals that were
averaged to indicate the ITD/2 for this run. .......................................................................... 105
Figure 3.7: The response rating scale for rating loudness growth. ....................................... 107
Figure 3.8: Mean ± SD of the air-conduction hearing thresholds for the control group. ..... 111
Figure 3.9: Hearing thresholds for the participants with UCHL before the stapes surgery.
Red and Blue symbols indicate the thresholds for the right and left ears, respectively.
Diamonds represent the masked bone conduction thresholds for the poorer hearing ear.
Participants’ research IDs are shown on each audiogram. Asterisks marked three participants’
IDs who were hearing aid users (L231, L229, and L194). ................................................... 112
Figure 3.10: Hearing thresholds for the participants with UCHL with no further medical
intervention. Red and Blue symbols indicate the thresholds for the right and left ears,
xvi

respectively. Diamonds represent the masked bone conduction thresholds for the poor
hearing ear. Participants’ research IDs are shown on each audiogram. ................................ 113
Figure 3.11: Individual responses of 38 participants for sound localization of short-duration
stimuli. The diagonal line shows the reference line for a perfect response. ......................... 114
Figure 3.12: Individual response-target for localizing short-duration stimuli in lateral angle
by the UCHL group. The top two rows are the plots for the participants before the stapes
surgery. The bottom two rows are plots for the participants with slight and mild UCHL. Red
and blue lines are the regression line for the responses to the right- and left- targets,
respectively. Slope (SL), scatter (SC), and overshoot (OV) values are shown for each
hemifield. The poorer hearing ear of each individual is shown on the plots. ....................... 117
Figure 3.13: Comparison of the individual data of the UCHL group with mean ± SD of the
control group for localization of short-duration stimuli. Light gray bars show the results for
the participants with slight and mild UCHL, and non-gray bars show the results for the
participants with moderate and moderately-severe UCHL. .................................................. 119
Figure 3.14: The response-target plot of the control group for localizing the long-duration
stimuli in the lateral angle. .................................................................................................... 122
Figure 3.15: Comparison of the individual data of UCHL group with mean ± SD of the
control group for localizing the long-duration stimuli.......................................................... 124
Figure 3.16: Individual data of the control group. The total distance of the head turns from
the original position at 0 degree for locating the long-duration sounds against the location of
the target loudspeakers. The curved line indicates the one-sided 95th percentile of the distance
data. ....................................................................................................................................... 126
Figure 3.17: Head rotation distance from the original position at 0 degree for the participants
with moderate and moderately-severe UCHL (rows A & B), and with slight and mild UCHL
(rows C & D). The black curve on each plot indicates 95th percentile of the rotation data for
the control group. Red text shows the right ear/hemifield, and blue text shows the left
ear/hemifield. ........................................................................................................................ 128

xvii

Figure 3.18: Front/rear proportion correct of responses for wideband noise (A) and
narrowband noise (B) at 4 different spatial windows (0, 10, 20, and 40 degrees). Black
symbols show mean ± SD of the control group. The light gray lines are for the participants
with slight and mild UCHL. The non-gray lines are for the participants with moderate and
moderately severe UCHL. The pictures with two circles along with the x-axis illustrate the
head position surrounded with the array of the loudspeakers and the radius lines in front of
the head show the spatial window of the stimulus activation during head oscillation.
Asterisks mark the three participants’ IDs who were hearing aid users (no hearing aids during
testing)................................................................................................................................... 130
Figure 3.19: HINT scores for three conditions, A) spatially separated condition (speech at 0
degree, noise at 90 degrees), B) collocated condition (noise and speech at 0 degree), C)
spatially separated condition (speech at 0 degree, noise at -90 degrees). Black bars are the
mean ± SD of the scores for the control group. The individual data of the UCHL group was
included in the left plot when the speech was presented on the side of the good hearing ear,
and included in the right plot when the speech was presented on the side of the poor hearing
ear. This was regardless of the side of the hearing loss. ....................................................... 134
Figure 3.20: The benefit of the spatial release from masking. Solid and dotted horizontal lines
indicate mean ± SD improvement for the control group. Light gray bars indicate the SNR
improvement for the individuals with a small degree of UCHL, and non-gray bars are for the
participants with a high degree of UCHL. ............................................................................ 136
Figure 3.21: ITD discrimination thresholds for the control group (<40 years old and >40
years old) in open symbols, and the UCHL group in filled symbols. The participants’ ID is
shown with the corresponding colour code. Asterisks show Hearing aid users. .................. 139
Figure 3.22: Correlation between the right and left loudness rating for the control group.
Each circle represents a stimulus presentation level between 0 and 100 dB SPL. The loudness
rating for each level on the left ear was plotted against the loudness rating for the same level
on the right ear. Horizontal and vertical error bars indicate the standard error of the mean for
the left and right ears, respectively. The numbers on the axes correspond to the descriptive
loudness rating shown for the y-axis. The dotted diagonal line indicates the regression line
and the solid diagonal line indicates the reference line. ....................................................... 141
xviii

Figure 3.23: Correlation between the loudness ratings perceived in binaural presentation
versus monaural presentation for the control group. The numbers on the axes correspond to
the descriptive loudness rating shown on the y-axis. Horizontal and vertical error bars
indicate the standard error for the monaural and binaural conditions, respectively. The dotted
diagonal line indicates the regression line and the solid diagonal line indicates the reference
line. Asterisks on 5 and 20 dB SPL show that the difference between the monaural and
binaural rating was not significant at these levels. ............................................................... 142
Figure 3.24: Loudness rating as a function of input level. A regression line fit to the data of
the monaural and binaural responses. The top row shows the data of the participants with a
high degree of UCHL and the bottom row indicates the data of the listeners with a low
degree of UCHL. The average data of the control group is shown in the bottom row. ........ 145
Figure 3.25: Loudness growth slope for the control group and the UCHL group. Notches of
the box plot indicate the variability of the median between samples. When the width of the
notch of boxes do not overlap the data have different median at α = 0.05 level. ................. 147
Figure 3.26: Binaural loudness summation rating (binaural loudness rating - monaural
loudness rating) for the control group (black line) and the individuals with UCHL (coloured
lines). Rows A and B show the data of the participants with moderate and moderately severe
UCHL, and rows C and D show the data of participants with slight and mild UCHL. Shaded
area indicates the 30-dB range over which the average binaural loudness summation was
calculated. ............................................................................................................................. 149
Figure 3.27: The average of rating scale for binaural loudness summation across 30 dB upper
limit 0f the audibility for the individuals with UCHL (bar charts) and control group (mean ±
SD). ....................................................................................................................................... 151
Figure 3.28: Grand average ABR waveforms of the control group (n=28) for the right (red),
left (blue), bilateral (black), summed monaural (green), and calculated binaural interaction
component (orange). The shaded area illustrates 5 ms pre-stimulus epoch. ........................ 153
Figure 3.29: ABR waveforms and the calculated BIC for the participants with moderate and
moderately severe UCHL (solid lines) are superimposed on mean ± SD waveforms of the
xix

control group (dotted lines for mean and shaded area for SD). The vertical lines connect the
monaural wave Vs of the UCHL group. (Two lines for asymmetrical wave V latencies). .. 154
Figure 3.30: ABR waveforms and the calculated BIC for the participants with slight and mild
UCHL (solid lines) are superimposed on mean ± SD waveforms of the control group (dotted
lines for the mean and shaded area for SD). The vertical lines connected the monaural wave
Vs. ......................................................................................................................................... 155
Figure 3.31: A) Wave V and DN1 latency. Individual data for the control group (right, left,
both ears, summed monaural, and driven BIC responses) and UCHL group (good ear, poor
ear, both ears, and summed monaural responses). B) Wave V and DN1 amplitude for control
and UCHL group................................................................................................................... 158
Figure 3.32: Relation between sound localization variables for short-duration stimuli and
ITD discrimination threshold. The left column shows the data of the poor hearing side, and
the right column indicates the data of the good hearing side. ............................................... 160
Figure 3.33: Relation between front/rear proportion correct of NBN in the head-motion task
with wide spatial window and ITD discrimination thresholds. ............................................ 162
Figure 3.34: Relation between A) the slope of the binaural loudness growth and the ITD
discrimination threshold, B) average of binaural loudness summation rating scale at the upper
30 dB range of audibility and the ITD discrimination threshold. ......................................... 163
Figure 3.35: Relation between the slope of binaural loudness growth and wave V amplitude
with bilateral chirps............................................................................................................... 165
Figure 3.36: A) Relation between the slope of binaural loudness growth and the average airbone gap at 500, 1000, and 2000 Hz, B) Relation between the slope of binaural loudness
growth and average of the binaural loudness summation rating scale across upper 30 dB of
audibility. The asterisk on the y-axis shows the approximate value of the normative data. 166
Figure 4.1: Mean ± SD of audiometric thresholds for the control group. ............................ 185
Figure 4.2: Pre- and Post-operative audiogram for patients L206 and L231. Patient L206 was
not available for a 2nd Post-Op assessment. .......................................................................... 187
xx

Figure 4.3: Pre- and Post-Operative audiogram for patients L229 and L194 ....................... 188
Figure 4.4: Pre- and Post-operative audiogram for patient L183 ......................................... 189
Figure 4.5: Bone conduction thresholds across test sessions for each patient. Pre-operation,
Post-operation1, Post-operation2, Post-operation3............................................................... 189
Figure 4.6: Response-target plot for localizing short-duration stimuli by the control group.
Mean ± SD specifications of the responses on the Right and Left hemifields are shown on the
plot. ....................................................................................................................................... 190
Figure 4.7: Response-target function in localizing short-duration bandpass filtered stimuli for
the patients L206, L231, and L229. Each row corresponds to the responses of one patient.
SL: slope, SC: scatter, OV: overshoot .................................................................................. 192
Figure 4.8: Response-target function in localizing short duration bandpass filtered stimuli for
the patients L194 and L183. Each row corresponds to the responses of one patient. SL: slope,
SC: scatter, OV: overshoot ................................................................................................... 193
Figure 4.9: Performance of the patients for localizing short-duration stimuli throughout the
study period. The shaded area on each plot shows mean ± SD of the age-range matched
control group ......................................................................................................................... 194
Figure 4.10: Response-target plot of the control group for localizing the long-duration
stimuli ................................................................................................................................... 197
Figure 4.11: Performance of the patients for localizing the long-duration stimuli throughout
the study period. The shaded area on each plot shows the mean ± SD of the age-range
matched control group. ......................................................................................................... 198
Figure 4.12: The total distance of head-turn from the original position for localization of the
long-duration stimuli by the control group ........................................................................... 200
Figure 4.13: The total distance of the head rotation for locating long-duration stimuli.
Individual data of the patients (circles) are superimposed on 95th percentile of the data of the
control group for each target (black line). The pre-operative data are shown on the most leftxxi

hand side, and the post-operative measurements are shown on the right-hand side in
chronological order. Each row indicates the data of one patient (L206, and L231). ............ 202
Figure 4.14: Total distance of head rotation for locating long duration stimuli. Patients (L229,
L194, and L183).................................................................................................................... 203
Figure 4.15: Front/rear proportion correct for wideband noise (top row) and narrowband
noise (bottom row). Mean ± SD of the data of the control group are shown in black, and the
data of the pre-operative and post-operative measurements for each patient are superimposed
on the normative data ............................................................................................................ 205
Figure 4.16: HINT scores for three conditions and four test sessions. A) spatially separated
condition (speech at 0 degree, noise at -90 degrees or poor hearing side), B) collocated
condition (noise and speech at 0 degree), C) spatially separated condition (speech at 0 degree,
noise at 90 degrees or good hearing side). Negative numbers on the y-axis indicate better
performance than the positive numbers. Black bars show mean ± SD of the scores for the
control group (n=7). Each colour represents the data of one patient. For each patient, the left
bar graph indicates the pre-operative score (assigned with number 1) and the following bar
graphs on the right side are post-operative scores (shown by numbers 2, 3, and 4)............. 208
Figure 4.17: The benefit of spatial release from masking. The dotted horizontal line and the
gray patch indicate mean ± SD improvement for the control group. Each colour represents
the data of one patient during the pre- and post-surgery visits. ............................................ 210
Figure 4.18: ITD discrimination thresholds throughout the study time for each patient as a
comparison with the normative data (mean ± SD)................................................................ 211
Figure 4.19: The loudness growth function for monaural and binaural measurements during
pre- and post-operative sessions. The regression lines fitted the individual responses for
monaural and binaural measurements. O with a dashed line for the poor/operated ear, Δ with
a solid line for the good ear, and  with a dotted line for binaural hearing. ......................... 216
Figure 4.20: Loudness growth slope for monaural and binaural hearing across test sessions
............................................................................................................................................... 217

xxii

Figure 4.21: Binaural loudness summation rating for patients L206, L231, and L229 across
test sessions in comparison with the control group. Shaded area indicates the 30-dB range
over which the average binaural loudness summation was calculated. ................................ 220
Figure 4.22: Binaural loudness summation rating for patients L194, and L183 across test
sessions in comparison with the control group. Shaded area indicates the 30-dB range over
which the average binaural loudness summation was calculated. ........................................ 221
Figure 4.23: The average of rating scale of binaural loudness summation curve across upper
30 dB of audibility for each participant in pre- and post-operative visits. The normative
values (mean ± SD) are shown with a dotted line and a shaded area. .................................. 222
Figure 4.24: A) Average ABR waveforms of the age-range matched control group, B)
Individual BIC waveforms .................................................................................................... 225
Figure 4.25: A) The ABR measurements for patient L206. B) The BIC waveform over time;
vertical line indicates the wave V latency in bilateral ABR C) changes in wave V amplitude
and latency throughout the study period. .............................................................................. 229
Figure 4.26: A) The ABR measurements for the patient L231. B) The BIC waveform over
time; vertical line indicates the wave V latency in bilateral ABR C) changes in wave V
amplitude and latency throughout the study period. ............................................................. 231
Figure 4.27: A) The ABR measurements for the patient L229. B) The BIC waveform over
time; vertical line indicates the wave V latency in bilateral ABR C) changes in wave V
amplitude and latency throughout the study period. ............................................................. 233
Figure 4.28: A) The ABR measurements for the patient L194. B) The BIC waveform over
time; vertical line indicates the wave V latency in bilateral ABR. C) changes in wave V
amplitude and latency throughout the study period. ............................................................. 235
Figure 4.29: A) The ABR measurements for the patient L183. B) The BIC waveform over
time; vertical line indicates the wave V latency in bilateral ABR. C) changes in wave V
amplitude and latency throughout the study period. ............................................................. 237

xxiii

List of Appendices
Appendix 1 Amplitude and Latency of wave V and BIC across channels during the initial
ABR measurement for assessing test-retest reliability of the ABR BIC .......................... ..2677
Appendix 2 The wave V and DN1 latency (ms) for the control group and four test sessions
of the study group (pre- & post- surgery)…………………………………………………..268
Appendix 3 The wave V and DN1 amplitude (μV) for the control group and four test session
of the study group (pre- post-surgery)…………………………………………….………..269
Appendix 4 Ethics Approvals: UWO research ethics approval ………………………...…270
Appendix 5 Ethics Approvals: Lawson research institute…………………………………271

xxiv

List of Abbreviations
ABR: Auditory Brainstem Response
2AFC: Two Alternative Forced Choice
AVCN: AnteroVentral Cochlear Nucleus
BIC: Binaural Interaction Component
CAEP: Cortical Auditory Evoked Potential
CHL: Conductive Hearing Loss
CN: Cochlear Nucleus
CV: Coefficient of Variation
DN: Difference Negativity
DP: Difference Positivity
EE cell: Excitatory-Excitatory cell
HINT: Hearing In Noise Test
HL: Hearing Level
IC: Inferior Colliculus
IE cell: Inhibitory-Excitatory cell
IHS: Intelligent Hearing System
ILD: Interaural Level Difference
ITD: Interaural Time Difference
LSO: Lateral Superior Olive
xxv

LTD: Long Term Depression
LTP: Long Term Potentiation
MLD: Masking Level Difference
MNTB: Medial Nucleus of Trapezoid Body
MSO: Medial Superior Olive
NBN: NarrowBand Noise
NCA: National Centre for Audiology
NLL: Nucleus of Lateral Lemniscus
PVCN: PosteroVentral Cochlear Nucleus
RN: Residual Noise
SC: Superior Colliculus
SNR: Signal to Noise Ratio
SOC: Superior Olivary Complex
SPL: Sound Pressure Level
SRM: Spatial Release from Masking
SRT: Speech Reception Threshold
UCHL: Unilateral Conductive Hearing Loss
UH: University Hospital
VCN: Ventral Cochlear Nucleus
WBN: WideBand Noise

xxvi

xxvii

1

Chapter 1
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Introduction and background

Binaural hearing is a phenomenon that enables the listener to perceive the origin and
direction of sounds and the relation between coexisting sounds. In fact, binaural hearing
is established by the combination of monaural spectral cues and binaural difference cues.
The binaural hearing ability is an experience-dependent phenomenon that has the
potential to re-adapt over the life span. This restoration happens after a unilateral acoustic
deprivation or recovery intervention. The location of the ears on opposite sides of the
head provides the basis of binaural hearing. The head imposes a barrier against the sound
arriving from one side of the head, yielding an acoustic shadow effect to the opposite
side, and diminishes the sound energy in the opposite ear. Separation of the ears by twice
the head radius of about 8.7 cm (Risoud et al., 2018) delays the sound arriving at the
farther ear. Additionally, the anatomical configuration of the pinna modifies the spectral
shape of the sound before it reaches the eardrum (Keating & King, 2013). The overall
advantage of these binaural difference cues and spectral cues are critical elements for
spatial acoustic awareness and to develop the outstanding ability of binaural hearing.
Coordination of the two ears neurologically is an essential requirement for achieving the
benefit of the spatially separated ears and the associated binaural difference cues. The
spatially separation of the ears results in delivering different acoustic information to the
right and left ears, including interaural time and level differences (ITD and ILD).
Consistent exposure and access to spatial acoustic information throughout development,
contribute to creating this coordination and eventually to maturation of the auditory
pathway. Extensive investigations have been completed to determine the behavioral and
neural mechanism of processing the acoustic information that the auditory system
receives from the two normally hearing ears.
Hearing sensitivity determines the amount of information available from the acoustical
inputs regarding the position of a sound source relative to the listener (Keating & King,
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2013). This information is transferred to the brainstem and auditory cortex for processing
the external acoustical inputs. Therefore, the central auditory system actively adapts to
the alteration of the spatial cues while they are transferred through the peripheral system
(Keating & King, 2013).
Reducing the hearing sensitivity in one ear due to the occlusion of the auditory
conductive pathway reduces the available information associated with auditory space,
even in the presence of the normally functioning neural system. This peripheral hearing
impairment compromises the interpretation of the information by the neural system
(Keating & King, 2013). The challenges caused by unilateral conductive hearing loss are
a function of the time of occurrence. It has been shown that the advantages of
constructive surgery for individuals with congenital unilateral aural atresia is agedependent and improvement in binaural hearing ability is affected by the complexity of
the experiments (Gray, Kesser, & Cole, 2009).
The current study is the first to assess various aspects of binaural hearing abilities in adult
listeners with unilateral conductive hearing loss who experienced acquired asymmetrical
acoustic deprivation after development of a mature auditory pathway. Further, the
binaural hearing abilities of some of these individuals were assessed during repeated
measurements over one year after corrective surgery.

1.1 What is binaural hearing
1.1.1

Binaural hearing abilities

The two ears provide the advantage of stereophonic hearing, allowing the brain to
combine monaural and binaural-difference cues in order to represent three-dimensional
auditory space. Despite being spatially separated, the two ears are highly coordinated to
provide the subjective perception of one versus two sounds (binaural fusion) and
objective neural responses (binaural integration/interaction) (Steel, Papsin, & Gordon,
2015). Binaural sounds deliver explicit information regarding the depth and location of a
sound source. The asymmetrical information arriving at the two ears from a source on
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one side of the listener carries temporal, envelope, fine structure, and frequency
characteristics that are associated with the direction and distance of the source relative to
the listener. These characteristics are reflected in the firing patterns of the action
potentials along the central auditory pathway.
Sound localization based on binaural information is frequency specific. The temporal
information of the low frequencies and the envelope information of the high frequencies
contribute to the ability of the listener to locate the target sound and to pay attention to
the signal of interest (Avan, Giraudet, & Büki, 2015). The systematic analysis of binaural
difference cues including interaural time differences (ITD) and interaural level
differences (ILD) was initiated by John William Strutt (Lord Rayleigh) in 1907 (Strutt,
1907; Avan et al., 2015; Macpherson & Middlebrooks, 2002). When the ITD and ILD are
zero, the sound is perceived at the front or centre of the head. When the interaural
difference cues are increased, the sound is lateralized on one side of the head (Steel et al.,
2015). The Duplex theory was first introduced by Rayleigh to indicate the role of the
binaural difference cues for localizing the sound sources in the horizontal plane.
Although he explained the theory by using pure tones, this concept was later confirmed
by using complex sounds (Macpherson & Middlebrooks, 2002). In this recent study,
however, it was shown that in the horizontal plane, ITD is a dominant cue for most of the
listeners with normal hearing; while spectral cues are less effective for localization in the
lateral angle (Macpherson & Middlebrooks, 2002).
Human ITD sensitivity for pure tones exists up to 1400 Hz, and the upper limit of ITD
sensitivity depends on the head size (Hartmann & Macaulay, 2014). Just noticeable
differences of ITD are 10-20 µs when a pure tone stimulus is used. This range is
frequency dependent such that the lower thresholds are obtained for frequencies below
700 Hz and higher thresholds for frequencies between 700 to 1000 Hz.
The presence of the head between the two ears creates a diffraction pattern (Avan et al.,
2015), attenuates the level of the signal that travels to the farther ear from the source, and
creates a different signal-to-noise ratio for the right versus left ears. The head shadow
effect caused by this anatomical configuration provides an interaural level difference
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(ILD) that is known to be a cue for locating a sound source and for subjective segregation
of a signal of interest from unwanted noise. The sound localization ability driven by ILD
is associated with frequencies above 1000 Hz for which the wavelength of the stimulus is
smaller than the head diameter. The ILD is at the maximum level for a sound source
located close to 90 degrees, and it has been quantified as approximately 20 dB for a 4000
Hz tone, and approximately 35 dB for 10,000 Hz tone (Middlebrooks, 2015).
Psychoacoustic measurements indicate that just noticeable ILD detection for a highfrequency pure tone is nearly 1 dB (Middlebrooks, 2015; Yost & Dye, 1988).
For localizing sound sources in the front/rear dimension and in the vertical plane, the
interaural difference cues are less applicable. In fact, sounds arriving from these
directions are filtered based on the convolutions of the pinna, head, and torso, resulting in
specific spectral configurations that are specific to each direction. This filtered
information allows the listener to accurately distinguish the stimulus in these directions
(Middlebrooks, 2015).
Similar to binocular vision, there have been arguments about the redundant information
that is carried by binaural hearing and its improvement of sound perception (Avan et al.,
2015). For example, changes in loudness growth are perceived more easily with two ears
than with one ear, since changes in the number of action potentials with increasing the
sound level are doubled when both ears are involved (Avan et al., 2015).
In addition to loudness growth perception, discrimination of level and frequency is also
easier for the listeners in bilateral hearing (Avan et al., 2015).
When the target signal and a masker noise compete, the perception of the target sound
depends on the relative spatial location of the signal and the masker. The collocation of
the sources compromises the clarity of the target, while spatial separation of the two
sources increases the signal-to-noise ratio and aids segregation of the target from the
masker. This is called the Squelch effect or binaural unmasking (Avan et al., 2015).
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1.1.2

Subcortical auditory pathway involved in binaural hearing

Localizing a sound source is accomplished by extracting the acoustic features imposed by
the target location relative to the listener, and additionally by the anatomical
specifications of the ear. The nuclei along the neural auditory pathway that receive this
information are frequency-dependent and are arranged based on a tonotopic organization.
This organization requires the brain to continually process the information that is
received by the two ears in order to develop a representation of auditory space.
The acoustical information associated with the direction of the sound is carried by
interaural time and level differences. Meanwhile, the spectral information related to the
head and external ear is affected by the direction of the sound source and provides
additional cues for spatial hearing. To create an accurate image of the auditory space, the
auditory system integrates these cues and sometimes incorporates information available
from other modalities. This multi-modal contribution is beneficial because the reliability
of one cue may be affected by the noisy representation of the neural activity (Keating &
King, 2013).
The cochlear nucleus (CN) is the first location in the brainstem that receives the
projections from the auditory nerve and conveys the information to the superior olivary
complex (SOC) (Figure 1.1) (Moore, 1991).

Figure 1.1: Ascending auditory brainstem. The plot was regenerated from the source
(Moore, 1991)
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The anteroventral cochlear nucleus (AVCN), posteroventral cochlear nucleus (PVCN),
and dorsal cochlear nucleus (DCN) are three divisions of the CN that are located in the
caudal portion of the pons. These nuclei (except DCN) project ipsilateral and
contralateral inputs to the two divisions of the SOC including the medial superior olive
(MSO) and the lateral superior olive (LSO). It seems that the AVCN contributes more
inputs to the SOC than the other parts of the CN (Figure 1.2.A).

Figure 1.2: Detail of ascending projections from each subdivision of the cochlear
nucleus. A) superior olivary complex, B) nuclei of the lateral lemniscus, C) inferior
colliculus. The plot was regenerated from the source (Moore, 1991)

Lloyd Jeffress (1948) proposed in the place theory that there are binaural coincidence
detectors located in the SOC that produce action potentials only if they receive
synchronous excitatory inputs from both ears (Campbell, 2004). Further studies showed
that coincidence detector neurons exist in SOC and IC (Krips & Furst, 2014).
The ITD-sensitive neurons in mammals that correspond to the coincidence detectors of
the Jeffress model have been identified in the MSO nuclei. The MSO receives timed
locked inputs to low-frequency stimuli from the auditory nerve. The auditory nerve
synapses with spherical bushy cells in the AVCN. Both ipsilateral and contralateral
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AVCN send their projections to the MSO via medial and lateral nuclei of trapezoid body
(MNTB and LNTB). The projections include inhibitory and excitatory inputs. The role of
the inhibitory inputs for ITD discrimination has not been clearly identified
(Middlebrooks, 2015). It’s pretty well established that the Jeffress model applies in detail
in birds but not in mammals, and that the inhibition is required to shape the ITD
sensitivity in the absence of Jeffress-like axonal delay lines (Grothe, Pecka, & McAlpine,
2010).
ILD processing has been identified to occur in the LSO. The excitatory inputs from the
ipsilateral and the inhibitory inputs from the contralateral spherical bushy cells in the
AVCN are projected to the LSO. The contralateral pathway crosses from the MNTB
where the glycinergic neurons send their inhibitory projections to the LSO. Interactions
between the excitatory and inhibitory neurons in the LSO produce the sensitivity to the
ILD (Middlebrooks, 2015).
It has been shown that the spectral information associated to the monaural cues is
processed in the DCN, suggesting that the processing of sound source localization starts
as low as CN in the brainstem (Young, 1992).
The ascending signals from the CN are projected to the dorsal and ventral nuclei of
lateral lemniscus (DNLL, and VNLL) (Figure 1.2-B). There are also other connections
between principal nuclei of CN and IC at the ipsilateral and contralateral sides (Figure
1.2.C), leading to an interaction between the bilateral inputs (Moore, 1991).
In addition to the direct connections between the major nuclei in the brainstem, there are
also several indirect connections and interconnections. The MNTB is one of these critical
interconnections between the CN and LSO. Additionally, connections between the IC and
the superior colliculus (SC) in the ascending pathway have been identified (Moore, 1991).
A contribution of the SC in detecting spatial location has been documented (Riedel &
Kollmeier, 2002a).
Although it has been believed for a long time that the processing of binaural information
is initiated at the SOC (Moore, 1991), further studies have shown that some neural
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connections are established between the CN via commissural neurons. The contralateral
commissural projections have glycenergic neurons and carry inhibitory signals (Sumner,
Tucci, & Shore, 2005).
There are two types of coincidence detectors in the brainstem including excitatoryexcitatory (EE) cells and excitatory-inhibitory (EI) cells (Krips & Furst, 2014; Moore,
1991). The coincidence detectors receive both excitatory and inhibitory inputs from the
ipsilateral and contralateral nuclei, but they generate spikes only when the number of
their excitatory inputs exceeds the number of the inhibitory inputs (Krips & Furst, 2014).
About 60% of the MSO cells receive EE inputs from the ipsilateral and contralateral
AVCN. These EE cells are sensitive to the temporal information and fire only if they
receive these inputs in less than 0.05 ms. Therefore, a large proportion of the MSO is
sensitive to ITD (Krips & Furst, 2014; Moore, 1991). Meanwhile, the coincidence
detectors are tuned to different ITDs and this range is determined by the head size.
Therefore, the binaural difference cues are gradually encoded in the neural system during
development and are fine-tuned based on experience (King, Parsons, & Moore, 2002).
Figure 1.3 illustrates the mechanism of the Jeffress model associated with the position of
the sound source.

Figure 1.3: Sound localization associated with the Jeffress model. The plot was
regenerated from the source Campbell & King (2004).
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The EI neurons are sensitive to the intensity difference between the two ears, or ILD. Their
excitation is reduced with bilateral stimulation, and the level of the suppression depends
on the size of the ILD. There is a range of variation over which the EI or IE cells to respond
to imbalanced input levels (Krips & Furst, 2014; Moore, 1991).
A study on a group of mice (Ono & Oliver, 2014) showed that the projections to the IC are
combination of excitation and inhibition that arrive from both ipsilateral and contralateral
parts of the caudal brainstem. The study showed that the ILD-sensitive neurons in the IC
are excited by the contralateral sound and are inhibited by the ipsilateral sound. The
inhibitory inputs of the IC are provided by the LSO and VNLL, while the excitatory inputs
are provided by the commissural neurons from the contralateral IC. Due to this EI structure,
the IC neurons are sensitive to the ILD inputs. However, the function of the IC is more
complex than this simple definition. Appropriate processing of the inputs to the IC requires
a sophisticated balance between these parallel ipsilateral and contralateral synaptic inputs.
The balance and synchronization are achieved by projecting with at least one direct
excitatory and one direct inhibitory input to the IC (Ono & Oliver, 2014).

1.2 Subjective and objective methods of assessing binaural
hearing
The following section describes background and details of the tests to be used in the
experiments described in the following chapters.

1.2.1
1.2.1.1

Psychoacoustics
Measuring perceived magnitude

Listeners can be asked to make a judgement about the magnitude of some aspect of a
sound. Usually, a rating scale is used for this judgement descriptively or numerically.
One example is Loudness measurement.
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Loudness is the perceptual scale (subjective concept) corresponding to the sound
intensity/level/power/pressure (physical concept, measured in dB) (Plack, 2014, p. 102).
There are various methods to measure subjective loudness.
a. Contour test of loudness perception: Introduced by (Cox, Alexander, & Taylor,
1997). The test originally was developed for setting hearing aids for adults. The
experiment includes presenting the stimulus from the near-threshold level and increasing
up to the uncomfortably loud after selecting a category by the listener. Warble tones were
used originally as the test stimulus. The Contour test was found to be easy and fast to
implement. Figure 1.4 shows the loudness category numbers and descriptions for each
category.

Figure 1.4: Loudness category numbers and descriptions are shown to the subject during
testing. The plot was regenerated from the source: (Cox, Alexander, & Taylor, 1997)

The test was later modified to be applicable for fitting the hearing aids for children
(Jenstad, Cornelisse, & Seewald, 1997). In the modified version, the mode of the stimulus
presentation changed to include both ascending and descending presentations, and the
rating scale for each level was averaged to create one rating for each level. Furthermore,
the test stimulus was switched to BKB sentences for children.
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b. Magnitude estimation: The listener is asked to either compare the loudness of two
sounds and rate the loudness of one sound relative to the other (Plack, 2014, p. 115) or to
rate the sound level numerically with unlimited numbers regardless of the level of the
preceding sound (Fucci, Petrosino, McColl, Wyatt, & Wilcox, 1997). The stimuli are
presented randomly across the hearing dynamic range. Different types of stimuli have
been used for this type of measurement including pure tone, narrowband noise, wideband
noise, rock music, speech babble (Fucci et al., 1997).
c. Categorical loudness scaling (CLS): Combination of “Contour test of loudness
perception” and “Magnitude estimation” (Rasetshwane & Trevino, 2015). The first stage
requires measuring the hearing dynamic ranges based on the Contour test of loudness
perception, and in the second stage, the stimuli with various levels within the dynamic
range are presented in random order similar to magnitude estimation. Similar categories
to the Contour test are used for the rating, but some additional between-categories are
included.

1.2.1.2

Measuring discrimination performance

During discrimination tasks, differences between the two or more stimuli or between the
presence of a stimulus and silence are determined (Plack, 2014, p. 260). One method is
called the two-interval, two-alternative forced-choice task (2AFC). Pitch discrimination
is an example of this measurement. During this task, two stimuli are consecutively
presented, and the listener is asked to indicate whether the second sound had a higher
pitch than the first one and press a button. The order of the stimuli is randomized. The
number of intervals and alternatives may vary depending on the purpose of the task. The
final result of discrimination tasks is to determine the just noticeable difference between
the manipulated parameter of the two sounds.
Discrimination tasks usually are followed by feedback intended to train the listener for
the following trial, such as a green light on the computer screen after every correct
response and a red light after every incorrect response. The number of trials depends on
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the aim of the task. The procedure can be completed in an adaptive technique (Plack,
2014, p. 261). During this technique, the characteristic of the stimulus, such as intensity
or frequency, is determined based on the preceding response (Levitt, 1971). Usually, the
initial trials are easier and in successive trials, the discrimination becomes harder. One
example of the adaptive procedure is the up-down method (Levitt, 1971; Plack, 2014, p.
261). Several response-stimulus grouping modes for applying this method have been
reported. One example is the two-down one-up procedure, which means the task gets
more difficult after two correct responses and gets easier after one incorrect response
(Levitt, 1971; Plack, 2014, p. 261). An example of the procedure is shown in Figure 1.5.

Figure 1.5: An example of the two-down one-up procedure in adaptive technique for
detecting interaural time difference (ITD). The figure was regenerated based on the
source: (Plack, 2014, p. 273)

In the current study, one example of a 2AFCT was used to implement the ITD
discrimination task and to determine just noticeable difference in ITD. The task was
executed in an adaptive technique using the two-down one-up method with an unfixed
randomly arranged number of trials and feedback after each trial. The result was
represented numerically as an average of ITD reversal levels.
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1.2.2

Hearing in noise test (HINT)

The Hearing In Noise Test (HINT) was developed to reliably and efficiently assess
speech intelligibility in quiet and in noise using speech reception thresholds (SRT)
(Nilsson, Soli, & Sullivan, 1994). The HINT speech materials consist of 25 equivalent
lists each of which contains 10 sentences that were normalized for naturalness, difficulty
and reliability for American English listeners (Nilsson et al., 1994). The SRT is assessed
via an adaptive procedure for the speech stimulus while the background noise is kept at a
fixed level. The presentation level decreases and increases based on the listeners’
response. The step size for increasing and decreasing levels over which the SRT is
calculated is a fixed level.
The HINT can be used to assess spatial hearing by comparing the SRT for speech and
noise collocated in front with the SRTs obtained when the noise is moved to one side or
the other. The difference between collocated and separated SRTs is known as the spatial
release from masking (SRM).

1.2.3

Sound localization

Sound localization assessment can be performed in a sound field or over headphones.
When presenting the stimulus over the headphones the listeners may report that the sound
is lateralized inside the head rather than localized externally (King et al., 2002). This
different perception of sound suggests that in the external environment, there are
additional cues that affect sound perception.
When designing an experiment for assessing the directionality of the auditory stimulus, a
differentiation between localization of externalized images and lateralization of
intracranial images is essential.
Sound localization in the horizontal plane requires a combination of binaural difference
cues including ILD and ITD. These cues allow the listener to locate a sound source in the
lateral angle (left/right) dimension, which is defined as the angular distance of a sound
source from the median plane (Wallach, 1940) (Figure 1.6).
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Figure 1.6: Illustration of the aural axis, median plane, horizontal plane. The figure was
regenerated from the source: (Kang, Choi, & Martens, 2016)

Despite their significant contribution for a successful localization, the ILD and ITD
produce an ambiguity known as the cone-of-confusion when the sound is directly in front
or behind, from where they are perceived similarly (Wallach, 1940). This ambiguity can
be resolved by using two approaches:
1. Using monaural spectral cues: these cues are complementary information for the
binaural difference cues (Macpherson & Middlebrooks, 2003). The spectral cues
provide information about the frequencies above 4000 Hz (Macpherson &
Middlebrooks, 2003). Evidence for the presence of these spectral cues is obtained
by measuring the Directional Transfer Function (DTF) that represents the
frequency response of the pinna, head, and body to a sound source at a particular
azimuth and vertical angle. An example of the DTF is shown in Figure 1.7. The
plot shows the DTF of an individual listener for targets located between -60 to
240 degrees on the median plane. The DTF is represented with a relatively flat
spectrum up to about 4000 Hz. The peaks and valleys are shown beyond 4000 Hz
and shift to the higher frequencies as the target moves to 90 degrees in the vertical
plane.
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Figure 1.7: A) position of the target sound on the median plane B) A typical median
plane transfer function associated with the location of the targets. Source: (Macpherson &
Middlebrooks, 2003) with permission.

2. Head movement: horizontal head rotation will alter the aural axis (Figure 1.6) and
therefore changes the ILD and ITD for a stationary sound in the front or rear
(Wallach, 1940). When the sound source is in the front, turning head to the right
(point C in Figure 1.8), shifts the sound source to the left side of the head, and
reduces the lateral angle for the left ear. For a sound source in the back, this head
turn shifts the sound source to the right side of the head and reduces the lateral
angle for the right ear. This active participation overcomes the ambiguity of the
binaural cues.
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Figure 1.8: Dynamic binaural cues with head movement. Source: provided by Devin
Kerr and initially appeared in the thesis of Birtch, (2012)

Earlier studies have indicated the benefit of head movement in the lateral angle with a
large head rotation of 45 degrees (Perrett & Noble, 1997), 30 degrees (Wightman &
Kistler, 2002), and various magnitudes of head rotation of 2.5 to 40 degrees
(Macpherson, 2013). That most recent study referred to the experimental method as the
Head-sweep method. This study indicated the salience of low-frequency dynamic ITD for
improving the accuracy of front/rear localization. A minimum of 100 ms stimulus
duration has been found as an essential factor for the accurate localization of the lowfrequency stimuli with a dynamic ITD. This stimulus duration specification is associated
with the condition that the vestibular system is integrated with the localization task
(Macpherson, 2013). The contribution of the vestibular system during the dynamic sound
localization has been shown in our laboratory (Kim, Barnett-Cowan, & Macpherson,
2013). During this experiment, the accuracy in front/rear localization increased when
combining head and body movement relative to the stationary head position, but the
accuracy decreased with eliminating the head rotation and maintaining the body
movement. The findings of this experiment suggested the priority of the vestibular
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system over the proprioceptive inputs in dynamic sound localization, since adding or
excluding the proprioceptive feedback provided no additional benefit for localizing the
front/rear targets.
The results of a recent study indicated that the spectral cues provide sufficient
information for localizing front/rear targets except for the low frequencies (Macpherson,
2013). Therefore, they are predominant over the dynamic cues for localization, and the
dynamic cues are beneficial only in lack of spectral cues or their weakness. Front/rear
localization of sounds with low-frequency bandwidth is one of these circumstances where
the spectral cues are minimal or absent.

1.2.4

Binaural loudness summation

The magnitude of the binaural summation has been determined differently depending on
the stimulus, test condition, and test room (Culling & Dare, 2016; Epstein & Florentine,
2009, 2012). Some examples of the stimuli for assessing binaural summation are 1000 Hz
pure tone, recorded spondee words, and Monitored Live Voice (MLV) (Epstein &
Florentine, 2009). In this recent study, Epstein and Florentine (2009) measured the
loudness summation by presenting the stimuli in an ascending method over the earphones
and loudspeakers, and compared the loudness growth between monaural and binaural
presentations. The participants estimated the loudness by assigning a number for each
level of the sound. The loudness summation was determined by the ratio of the numbers
that were assigned for binaural and monaural sounds at each level of presentation. A ratio
of less than two was considered to indicate binaural summation (Epstein & Florentine,
2009). The authors found that binaural summation was higher for “recorded speech” than
for the MLV, and is softer for speech stimuli than for pure tone across presentation
levels. A similar ratio was found for testing with loudspeakers; however, binaural
summation was reduced in the sound field condition compared to the earphone condition.
Presenting audiovisual stimuli provides the advantage of assessing binaural summation
with a high level of ecological validity as was reported earlier (Epstein & Florentine,
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2012). It has been attempted to increase this validity by using connected speech rather
than spondee words (Culling & Dare, 2016). Therefore, the researchers decided to use
IEEE sentences (Rothauser et al. 1969) as the speech material for assessing binaural
loudness growth (Culling & Dare, 2016).
Calculating binaural loudness summation has been conducted using a number of
methods. In an early study, subtraction of the binaural thresholds from the average
monaural thresholds was applied to calculate the interaural summation and interaural
inhibition for normal-hearing listeners for assessing the effect of stimulus phase (Hirsh,
1948). In a more recent study, a similar procedure was used to plot the binaural loudness
summation based on the category unit (CU) for normal-hearing listeners and individuals
with hearing loss (Oetting, Hohmann, Appell, Kollmeier, & Ewert, 2016). Others
calculated the ratio of binaural to averaged monaural loudness to indicate the difference
in loudness perception in these conditions (Algom, Adam, & Cohen-Raz, 1988).

1.2.5

Auditory brainstem response and binaural interaction
component

The auditory brainstem response (ABR) is an electrophysiological event that is evoked
synchronously by the neurons of the brainstem in response to auditory stimuli. The ABR
can be evoked by stimuli such as click, tone burst, tone pipe, noise burst, speech stimulus
(e.g. /da/), and chirp. The ABR consists of multiple peaks and valleys, each of which
represents the activity of different nuclei along the brainstem. As was discussed earlier
(section 1.1.2), processing binaural inputs is initiated in the brainstem. Therefore, it is
expected that this process is reflected in the brainstem evoked potentials.
Evidence of binaural processing in the brainstem was observed by comparing monaural
and binaural ABRs by Blegvad, 1974 and Van Olphen et al., 1978 (Prasher, Sainzt,
1981). They found that changing the stimulus from monaural to binaural increased the
wave V amplitude. Later researchers indicated that some components of the binaural
ABR are different from the summed monaural ABRs (e.g. Dobie & Berlin, 1979; Gardi
& Berlin, 1981; Jewett, 1970). To indicate the difference between the monaural and
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binaural ABRs, the amplitude of these waveforms were subtracted to create the binaural
interaction component (BIC) (Prasher et al., 1981). The concept of the BIC calculation is
based on the fact that in the absence of the binaural processing in the brainstem, the right
and left ears should act independently, and therefore, the sum of their responses should be
equal to the binaural responses. However, earlier researchers indicated that this is not the
case. This calculation indicated that the major difference was detectable in the vicinity of
wave V, even though it was expected at the level of the wave III that originates from the
SOC, where the contralateral inputs are exchanged (Prasher et al., 1981). These authors
discussed that binaural summation may have been produced at the output level of the
SOC to the IC. Furthermore, they found that by presenting lateralized stimuli, the
amplitude of the wave III in binaural responses decreased, suggesting the presence of the
inhibitory function of the SOC neurons. Further studies showed consistent results but
discussed that the first level of the binaural interaction is at the SOC where the generators
of wave IV exist (Brantberg, Fransson, Hansson, & Rosenhall, 1999).
Three major peaks have been identified for the BIC including α, β, and γ (Levine 1981)
that correspond to DP1 (difference positivity), DN1 (difference negativity), and DP2
(Dobie and Berlin 1979). The BIC occurs at downslope of the ABR wave V (Brantberg et
al., 1999). As described by (Laumen, Ferber, & Klump1, 2016a), there are several
strategies for identifying the BIC including visual identification, automated detection
based on variance analysis of ABR versus background noise, cross-correlation of
response relative to the template matching, SNR measurement, 3SD (standard deviation)
method, 4SD method, √2*2SD, and √2*3SD. A group of researchers (Riedel &
Kollmeier, 2002a), estimated the residual noise of the BIC by calculating the square root
of the summed variances of the three measurements of monaural and binaural ABRs
using the following equation:
σ BIC = (σ2_R + σ2_L + σ2_B)½
where σ2 is the variance, R is the Right response, L is the Left response, and B is the
bilateral response. Then, they defined the acceptable BIC as having an amplitude greater
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than 2 σ when the baseline-to-peak amplitude is measured, and √2*2 σ when peak-topeak amplitude is measured.
The BIC can be recorded in most but not all listeners with normal hearing (Dobie &
Berlin, 1979; Van Yper, Vermeire, De Vel, Battmer, & Dhooge, 2015). This could be
related to methodological factors. The test-retest reliability of the BIC has been evaluated
on guinea pigs (Dobie & Berlin 1979) and shown to be unreliable even on the same day.
A similar attempt toward assessing the test-retest reliability of the BIC was performed on
guinea pigs (Ferber, Benichoux, & Tollin, 2016) during a multi-session study. The
authors suggested a normalization method to overcome the unreliability of the
measurements. Several factors for possible unreliability of the responses have been
discussed (Laumen et al., 2016a). Test-retest reliability of the BIC has yet to be assessed
in humans.
The BIC has been recorded with various types of stimuli. The most common type of
stimulus was a click (Brantberg et al., 1999; Furst, Levine, & McGaffigan, 1985; Laumen
et al., 2016a, 2016b; Riedel & Kollmeier, 2002b; Strauss, Delb, & Plinkert, 2004; Van
Yper et al., 2015; Wrege, 1984), tone burst (Fowler & Horn, 2012; Van Yper et al.,
2015), and chirps (Junius, Riedel, & Kollmeier, 2007; Riedel & Kollmeier, 2002b).
It has been indicated that ABR responses that are collected with chirps have a higher
amplitude than those evoked by click when similar levels are presented (Riedel &
Kollmeier, 2002b). The idea of using chirp for the ABR measurements was based on the
earlier studies by which it was shown that a response is elicited at the offset of a tone
burst with 8 ms and also with rise time of as long as 10 ms (Kodera, Yamane, Yamada, &
Suzuki 1977). The ABR collected by flat spectrum chirps is represented with a wave V
that is more dominant than the earlier peaks. This is due to the contribution of the entire
range of the basilar membrane for generating the wave V, while the contribution of the
apical region of the cochlea for generating the earlier peaks is reduced (Don &
Eggermont, 1978). For a transient stimulus such as click, there is asynchronous activity
along the basilar membrane that is imposed by the temporal delay caused by the
travelling wave. This phase cancellation along with the lack of synchronous activity of
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the basal and apical regions of the cochlea reduces the ABR amplitude that is elicited by
clicks, and the recorded responses are limited to the high-frequency regions.
The characteristics of the responses obtained by chirps depend on the stimulus frequency.
Experiments on human brainstem have shown that both original chirps and ramped chirps
produce a higher ABR amplitude than do clicks (Dau, Wegner, Mellert, & Kollmeier,
2000). Ascending projections from all regions of the basilar membrane converge in the
inferior colliculus to generate the wave V amplitude (Dau et al., 2000).
The chirp-driven BIC has a higher amplitude than the click-driven BIC with the same
stimulus level (Riedel & Kollmeier, 2002b). Nonetheless, this advantage is limited to the
low and mid-levels of the chirp between 20 to 40 dBnHL, since the chirp-driven BIC is
saturated at 40 dBnHL (Riedel & Kollmeier, 2002b, 2006). The larger ABR amplitude
with a 500-Hz tone burst compared to a 2000-Hz tone burst resulted in a larger BIC with
the low-frequency stimulus (Fowler & Horn, 2012). A chirp contains a wideband
frequency spectrum similar to a click. However, the long duration chirp differentiates it
from the transient click. Therefore, it can elicit synchronous displacement along the
basilar membrane, resulting in synchronous neural discharges across frequencies (Dau, et
al., 2000). The large ABR amplitude with chirps is recorded due to the physiological
activity of the basilar membrane. The wave V has a flat frequency response along the
basilar membrane in contrast to the earlier ABR peaks that are diminished in amplitude
when the cochlear regions below 2000 Hz central frequency are stimulated (Don &
Eggermont, 1978). Therefore, the contribution of the entire basilar membrane with chirp
stimulation results in eliciting the wave V peak with higher amplitude than with a click.
One type of the chirp stimulus is known as rising chirp that initiates the stimulation from
low frequency. The low frequencies require a longer time to move to the cochlear apex,
and therefore, the synchronous activity along the basilar membrane would be reduced due
to the delay associated with the travelling-wave velocity. When the stimulation is
initiated from low frequencies, it provokes a delay in stimulating the basal region of the
cochlea. Therefore, it promotes the synchronous activity along the basilar membrane and
ameliorates the elicited wave V amplitude (Dau et al., 2000).

22

Recording parameters have been one of the concerns for the BIC measurements.
Brantberg et al., (1999) assessed the effect of the stimulus presentation rate. Four
different click stimulus rates were applied (11/s, 31/s, 51/s, and 71/s) to measure the BIC,
revealing no significant effect of rate on BIC amplitude, except for the fastest rate, for
which the BIC was not observed. The authors attributed this result to the recording
parameters, number of subjects, or resistance of wave V to the high stimulus rate.
Some investigators attempted to determine whether lateralized stimuli could affect the
BIC waveform (Riedel & Kollmeier, 2002a). They defined the two terms of synergistic
(complete lateralization) and antagonist (ILD and ITD act in opposite directions, i.e.
trading stimuli) for their measurements and indicated that the BIC had the smallest
amplitude for synergistic stimuli and the largest for diotic and trading stimuli.
The BIC has been recorded via various electrode montage by single-channel recording
between vertex and nape of neck on C2 vertebra (Furst, Bresloff, Levine, Merlob, &
Attias, 2004; Furst et al., 1985), between upper forehead and nape of neck on C2 or C7
(Brantberg et al., 1999; Brantberg, Hansson, Fransson, & Rosenhall, 1998; Van Yper et
al., 2015; Van Yper, Vermeire, De Vel, Beynon, & Dhooge, 2016), between vertex and
laryngeal region (Kelly-Ballweber, 1984), or by multi-channel recording between vertex
and mastoid bones and between vertex and parieto-occipital regions on both sides (Riedel
& Kollmeier, 2002a, 2002b, 2006). Currently, there is no consensus on the optimal
electrode montage for the BIC measurement.

1.3 Otosclerosis as a model for late-onset conductive
hearing loss
In the current study, otosclerosis was used as a disease model for late-onset UCHL. The
following sections describe the history and site of lesion, prevalence, audiological
manifestation, interventions, and audiological outcomes after surgical intervention.
Bone remodeling is usually expected throughout the human skeleton except for the otic
capsule (Markou & Goudakos, 2009; Cureoglu, Baylan, & Baylan, 2010; Thomas,
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Minovi, & Dazert, 2011). Otosclerosis is an abnormal bone remodeling in the human otic
capsule (Nelson & Hinojosa, 2014). It is a progressive disease that primarily produces a
conductive hearing loss with an average age of onset in the third decade of life (Redfors,
2013). The conductive hearing loss caused by otosclerosis can be successfully managed
via surgical procedures (Vicente, Yamashita, Cruz, Suzuki, & Penido, 2012).

1.3.1

History and site of lesion

Otosclerosis has been a topic of interest for clinicians and researchers for centuries
(Mudry, 2006; Redfors, 2013). Antonio Mria Valsalva, an Italian anatomist and surgeon,
in 1704 found stapes fixated by ankylosis in a postmortem examination of a dead patient
who had an acquired hearing loss (Mudry, 2006; Redfors, 2013; Thomas et al., 2011).
More systematic studies on the disease were conducted by Adam Politzer starting in
1860s, and he finally proposed the name otosclerosis for the disease in 1902 (Mudry,
2006; Redfors, 2013). His initial explanation for the origin of the disease was
inflammation of the middle ear mucosa. Nonetheless, by completing further studies, he
dismissed the theory of interference of mucosa membrane in otosclerosis formation and
instead claimed that calcification and ossification of the stapes footplate is the major
pathologic factor. Politzer’s continuous concerns on otosclerosis led him to a novel
classification of the disease by that time into ankylosis of footplate and ankylosis of the
branches of the stapes (Mudry, 2006). He pronounced the disease as a bony structure that
surrounds the stapes and upon its proliferation, eventually occludes the oval window
(Mudry, 2006).
The typical locations for the ossification are anterior to the oval window (Declau, Van
Spaendonck, Timmermans, Michaels, Liang, Qiu, & Van de Heyning, 2001; Redfors,
2013; Thomas et al., 2011), in the pericochlear space (Declau et al., 2001; Redfors,
2013), and in the round window niche (Redfors, 2013). Otosclerosis can be formed in
three stages: histologic, clinical (Declau et al., 2001; Redfors, 2013), and cochlear
(Redfors 2013). It takes about one year for the ossification process in the otic capsule to
be completed (Redfors, 2013). The primary stage of the otosclerosis without any
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indication of hearing loss (Declau et al., 2001) is defined as the histologic stage that does
not invade the stapes footplate or round window (Declau et al., 2001; Redfors 2013). It
can be detected only at autopsy (Declau et al., 2001; Cureoglu et al., 2010). However,
when it turns into the clinical stage, evidence of a conductive hearing loss (CHL) is
identified (Declau et al., 2001; Cureoglu et al., 2010). This is when the otosclerosis
presents in the oval window niche (Nelson & Hinojosa, 2014). At the cochlear lesion
stage, sensorineural hearing loss (SNHL) disproportionate to the patient’s age can be
anticipated (Redfors, 2013).
The nature of damage to the cochlea by otosclerosis depends on the location of the
growing bony tissue. When the round window is invaded more damage occurs in the
spiral ganglion and outer hair cells; while when the oval window is the main location of
the otosclerosis foci, the spiral ligament is the main target of the bone remodeling process
(Cureoglu et al., 2010).

1.3.2

Prevalence

The prevalence of otosclerosis has been estimated to be between 0.3-2.1% among the
Caucasian population; this variability was driven by the type of the studies (populationbased, clinical-based, and histological-based) (Declau et al., 2001; Quesnel, Seton,
Merchant, Halpin, & McKenna, 2012; Redfors, 2013; Uppal, Bajaj, Rustom, &
Coatesworth, 2009). Notably, the histologic prevalence is 10 times more than the clinical
prevalence (Uppal et al., 2009). There are two main explanations for such discrepancy
(Declau et al., 2001): First, most of the histologic studies are biased and use only
approved otosclerosis patients for autopsy. Second, histologic studies exaggerate the
numbers by including blue mantle (strand) of the otic capsule as one of the signs of
otosclerosis, whereas, it is part of perivascular secondary osteon that exists in healthy
temporal bones (Declau et al., 2001).
Both histologic and clinical studies on otosclerosis confirmed that the disease is more
prevalent among females than males with a rate of 2:1 (Declau et al., 2001; Redfors,
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2013; Salvinelli, Casale, Di Peco, Greco, Trivelli, Miele, D'Ascanio, Firrisi, Luccarelli,
Alemanno, & Marte, 2003; Thomas et al., 2011; Topsakal, Fransen, Schmerber, Declau,
Yung, Gordts, Van Camp, & Van De Heyning, 2006; Uppal et al., 2009; Vartiainen,
1999). Earlier literature estimated that 33% of women who have at least one pregnancy
may have otosclerosis (Gristwood, 1975). However, later studies denied this correlation
(Markou & Goudakos, 2009).
The common precedence of otosclerosis was reported within the second to sixth decade
of age (Markou & Goudakos, 2009; Redfors, 2013). The progression rate of the resulting
hearing loss has been shown to be the same for men and women (Topsakal et al., 2006).

1.3.3

Audiological manifestation before treatment

1.3.3.1

Diagnostic features

Three diagnostic factors are included in assessment of patients with otosclerosis,
including detailed case history taking, physical examination, and audiometric evaluation.
Politzer in 1860s emphasized lateralization by the Weber’s tuning fork tests to diagnose
otosclerosis, and to differentiate the site of lesion in the middle ear and labyrinth (Mudry,
2006). The conductive component of the hearing loss may cause an occlusion effect and
enhanced self-voice prompting the patient to speak with a low volume (Uppal et al.,
2009). Cochlear otosclerosis may be observed for the patients with a family history of
progressive hearing loss (Cruise, Singh, & Quiney, 2010; Linthicum, 2009) with a flat or
“cookie bite” audiogram, and on-off pattern of stapedial reflex (Cruise et al., 2010).
Accurate otoscopic examination differentiates otosclerosis from other middle ear diseases
such as otitis media with effusion, adhesive otitis media, and cholesteatoma (Uppal et al.,
2009). Usually a red area named as Schwartz’ sign is detectable over the tympanic
membrane, which originates from hypervascularization of the newly formed bony
structure on the cochlear promontory (Cureoglu et al., 2010; Thomas et al., 2011; Uppal
et al., 2009).
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Otosclerosis in the majority of patients (70-85%) involves both ears symmetrically
(Markou & Goudakos, 2009; Redfors, 2013; Thomas et al., 2011; Uppal et al., 2009), but
also occasionally asymmetrical loss has been reported (Uppal et al., 2009). In a
longitudinal study of 209 ears with otosclerosis, no statistical difference was found
between right and left ears in terms of incidence of the disease (House, Hansen, Al
Dakhail, & House, 2002).

1.3.3.2

Type of hearing loss

About 20% of conductive hearing losses occur due to otosclerosis (Markou & Goudakos,
2009). Otosclerosis commonly involves the stapediovestibular joint (Topsakal et al.,
2006; Uppal et al., 2009) and produces progressive, moderate conductive hearing loss
(Thomas et al., 2011). A typical representation of this type of otosclerosis is a higher airbone gap at low frequencies than at high frequencies (Perez, De Almeida, Nedzelski, &
Chen, 2009; Thomas et al., 2011; Uppal et al., 2009; Wegner, Bittermann, Hentschel,
Van Der Heijden, & Grolman, 2013). The progression of the hearing loss is caused by
the proliferation of the bony tissue around the footplate and is usually faster among
young people (Uppal et al., 2009).
Otosclerosis alters the normal structure of the middle ear and resonance of the ossicular
chain (Cureoglu et al., 2010; Thomas et al., 2011; Uppal et al., 2009). The consequence
of this mechanical alteration is represented as an elevation in bone conduction threshold
up to 25 dB at 2000 Hz, that was first reported by Carhart in 1950 (Redfors, 2013;
Cureoglu et al., 2010; Thomas et al., 2011; Uppal et al., 2009; Wegner et al., 2013). The
configuration of the Carhart notch is usually documented in the audiogram of 80% of the
patients (Perez et al., 2009). The elevation in the bone conduction thresholds could be
extended below and beyond 2000 Hz (Carhart effect) (Perez et al., 2009; Wegner et al.,
2013). The Carhart effect could be an indication of other ossicular pathologies, such as
incus or malleus fixation; it could be an indication for a residual air-bone gap after
otosclerosis surgery (Perez et al., 2009). Despite its significance, the Carhart notch should

27

be considered only as one of the diagnostic factors rather than the sole sign (Wegner et
al., 2013).
When a complete ossification of the oval window occurs, the term obliterative
otosclerosis is used, and this is accompanied by a severe conductive hearing loss
(Thomas et al., 2011). In occasions that the disease involves other parts of the temporal
bone and inner ear, the term malignant otosclerosis is used (Thomas et al., 2011).
Impairment to the inner ear results in a mixed hearing loss (Redfors, 2013; Uppal et al.,
2009), and typically involves high frequencies (Redfors, 2013).
Although some studies interpreted the sensorineural component as an age-related hearing
loss (Redfors, Hellgren, & Möller, 2013; Topsakal et al., 2006), some histological
(Nelson & Hinojosa, 2014; Rotteveel, Mylanus, Van Olphen, Proops, Ramsden, & Saeed
, 2004) and clinical (Topsakal et al., 2006) findings suggested that the disease is
disproportionate to age.

1.3.3.3

Severity of hearing loss

All but 1.6% of otosclerosis patients suffer from moderate-to-severe hearing loss
(Redfors, 2013). A small group of the population demonstrates a profound hearing loss
audiogram (Redfors, 2013).
Hypoacusis occurs across frequencies with a rate of 0.45 dB/year for air conduction
thresholds, a rate of 0.37 dB/year for bone conduction thresholds, and a rate of 0.08
dB/year for the air-bone gap (Topsakal et al., 2006). The classical audiogram of
otosclerosis shows a larger air-bone gap with less progression at low frequencies than in
the high-frequency region (Topsakal et al., 2006).
The relation between gender and the progression rate of otosclerosis is ambiguous. While
some studies claim a faster deterioration in sound audibility in females than males
(Vartiainen, 1999), others believe a similar progression rate occurs in both genders
(Topsakal et al., 2006). Hearing thresholds in otosclerosis at high frequencies (4000 and
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8000 Hz) elevate in men more than in women leading to a wider air-bone gap at 4000 Hz
(Topsakal et al., 2006).
Compared with presbycusis, otosclerosis results in a faster and more severe sensorineural
hearing loss in individuals younger than 60 years old (Tecchio, Bicciolo, Campora,
Pasqualetti, Pizzella, Indovina, Cassetta, Romani, & Rossini, 2000; Topsakal et al.,
2006). Therefore, it is expected that surgical treatment can recover normal hearing for
these patients.
It has been shown that patients with pre-operative sensorineural hearing loss are not at
higher risk of having additional sensorineural hearing loss after the surgery (Strömbäck,
Köbler, & Rask-Andersen, 2012).

1.3.4

Interventions

The main goal of intervention for otosclerosis, including medical treatment and
rehabilitation, is to overcome the communication barriers and to improve the quality of
life (Topsakal et al., 2006).

1.3.4.1

Non-Invasive interventions

Medications are usually prescribed for reducing the progression of sensorineural hearing
loss in otosclerosis (Cruise et al., 2010; Quesnel et al., 2012; Uppal, Bajaj, &
Coatesworth, 2010). This treatment may be more effective at early stages of otosclerosis
when the hypoacusis does not exceed the moderate level (<50 dB) (Cruise et al., 2010;
Cureoglu et al., 2010; Uppal et al., 2010). Noteworthy is that medications merely stop the
disease progression, therefore, hearing improvement requires amplification technology
such as conventional hearing aids, implantable hearing aids, and cochlear implantation
(Cureoglu et al., 2010). Risk of hearing deterioration after stapes surgery which was
disproportionate to the age and the surgical process has been reported (Redfors & Möller,
2011). Therefore, the patients may require amplification even after the surgery (Redfors
et al., 2013).
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1.3.4.2
1.3.4.2.1

Invasive interventions
Stapedectomy/Stapedotomy

Politzer, as the founder of the study of otosclerosis, did not have a positive perspective on
permanent improvement of hearing using simple mobilization of the stapes (Mudry,
2006). His rationale for this hypothesis was associated with the nature of the disease,
which was compromised by proliferation of a bony structure continuously, and he
concluded that mere removal of this tissue was unlikely an effective treatment (Mudry,
2006).
Throughout the evolutionary period of surgical intervention, Shea (1956) performed the
first stapedectomy (Quaranta, Besozzi, Fallacara, & Quaranta, 2005; Ramsay &
Linthicum, 1994), and Farrier (1959) suggested the platinectomy technique in which the
stapes footplate and anterior crus were removed. But this approach did not achieve
enough interest among surgeons (Thomas et al., 2011). Instead, stapedectomy remained
the common method before Meyers (1970) suggested a stapedotomy technique (Redfors,
2013; Thomas et al., 2011). Regardless of the similarity in the surgical techniques of
stepedectomy and stapedotomy, the main difference between them is the preservation of
the stapes footplate (Quaranta et al., 2005; Redfors, 2013). During the stapedectomy, the
stapes footplate is completely or partially removed (Quaranta et al., 2005), while during
the stapedotomy, a small fenestra is drilled in the stapes to hold the prosthesis in place
(Redfors, 2013; Thomas et al., 2011). The perforation of the footplate can be done by a
perforator, a microdrill, or laser (Redfors, 2013; Silverstein, Jackson, Conlon, Rosenberg,
& Thompson, 2002; Thomas et al., 2011). Although slightly better air-bone gap closure
at high frequency is obtained with stapedotomy, the long term results of both techniques
are similar in the hands of an experienced surgeon (House et al., 2002; Redfors, 2013;
Thomas et al., 2011). Nowadays, most individuals with otosclerosis are treated with a
stapedotomy technique (Thomas et al., 2011), which is believed to result in less damage
to the inner ear (Kolo & Ramalingam, 2013).
Stapes pistons are common prostheses in recovery surgery for otosclerosis (Thomas et al.,
2011). These prostheses are made of various materials (steel, platinum, Teflon, gold,
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titanium, and allys). They have different length and diameters (0.4, 0.6, 0.8 mm) (Bansal,
2016).
An ideal result from the surgical treatment is expected when otosclerosis causes a pure
conductive hearing loss (Ramsay et al., 1994). Elevated bone conduction threshold before
the surgery could be a predictive evidence for persistent hearing loss postoperatively
(Cureoglu et al., 2010). Another factor for surgical outcome is the duration of the disease
and the age of the patients. Early intervention has been recommended for the treatment of
otosclerosis to reduce the adverse effects of the prolonged disease on the middle ear
structures. Similarly, advanced age has been indicated to reduce the benefit of the surgery
(Kolo & Ramalingam, 2013).
In cases of bilateral otosclerosis, the priority for the surgery is with the ear that has a
worse impairment, and the schedule for the operation of the opposite ear should be
postponed for a minimum of 6 months (Thomas et al., 2011). The surgical technique and
the results of the treatment for each ear are independent, suggesting that the treatment
outcomes of one ear could not predict the results for the opposite ear (House et al., 2002).
The indication for the surgical treatment in unilateral otosclerosis and for the opposite ear
in bilateral otosclerosis is not always the same in all clinics and may require an air-bone
gap of greater than 30 dB between 250 to 2000 Hz to be identified as a candidate for
surgery (De Seta, Rispoli, Balsamo, Covelli, De Seta, & Filipo, 2009).
It has been shown that unilateral otosclerosis is often accompanied by additional middle
ear anomalies that may influence the surgical results (Bajaj, Uppal, Bhatti, &
Coatesworth, 2010). There are several indications for revision surgery of stapes fixation
(Thomas et al., 2011). Revision surgeries relating to the device failure are pronounced to
be as high as 80% of cases (Fontana, Ferri, Lora, & Babighian, 2012).

1.3.4.2.2

Other surgical approaches

In advanced otosclerosis when the disease has invaded the round window and
perilymphatic space, the amplification of the residual hearing would not provide
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sufficient audibility. Therefore, cochlear implantation could be considered as an
alternative intervention for the patients (Bajaj et al., 2010; Quaranta, Bartoli, Lo Priore,
Fernandez-Vega, Giagnotti, & Quaranta, 2005).
A Bone Anchored Hearing Aid (BAHA) is an alternative option for patients who may not
be a candidate for the stapes surgery, or who are reluctant to wear a conventional hearing
aid (Thomas et al., 2011).

1.3.5

Audiological outcomes after surgical intervention

Audiometry is the most common outcome measure of the stapes surgery, and in most of
the studies has been measured six weeks after the surgery (Kolo & Ramalingam, 2013;
Perez et al., 2009; Quaranta, et al., 2005). Other studies included only stable hearing
thresholds that were obtained 3 to 6 months postoperatively (House et al., 2002; Ueda,
Miyazawa, Asahi, & Yanagita, 1999).
The degree of the hearing loss among patients with otosclerosis may vary from mild to
profound, and this variability is reflected in the outcomes of the surgery. Therefore,
informational counselling preoperatively is an essential requirement for developing
appropriate expectations regarding surgical outcomes (Luntz, Yehudai, & Most, 2009;
Strömbäck et al., 2012). Normal or near-normal hearing threshold after the surgery is
expected when the preoperative thresholds do not exceed a mild hearing loss (<50 dB
HL). The gain of the surgery is reduced as the pre-operative hearing thresholds increase
to 50-70 dB HL. For patients with advanced otosclerosis who have thresholds more than
90 dB HL, the outcomes are modest, and the communicative results following the surgery
are unpredictable. Nonetheless, given some improvement in hearing thresholds after the
surgery, these patients become successful hearing aid users and therefore, the results of
the surgery are considered promising (Luntz et al., 2009).
In a retrospective study, audiograms that were measured 3 to 6 months after surgery were
assessed and showed better thresholds at 4000 and 8000 Hz with stapedotomy than
stapedectomy (Ueda et al., 1999). This could be due to the size of the fenestration in the
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footplate required by stapedotomy that benefits the high frequencies, whereas, lowfrequency thresholds improve when larger holes are applied; Footplate thickness,
stiffness of the ossicular chain or the oval window membrane, and multiple otosclerosis
foci in the middle ear could be other explanations for this difference (Ueda et al., 1999).
Better air-bone gap closure at high frequency with stapedotomy (Quaranta et al., 2005)
and at low frequency with stapedectomy (Ueda et al., 1999) has been reported.
In another retrospective study, the effectiveness of stapedectomy and stapedotomy was
shown with speech discrimination scores 25 years after the surgery. The results indicated
no significant differences between the two techniques; this stability was also shown for
patients who had stapedectomy in one ear and stapedotomy in the other ear (House et al.,
2002). Residual air-bone gap up to about 12 dB is expected in the elderly population due
to the middle ear degenerative process (Salvinelli et al., 2003).

1.4 Effects of unilateral conductive hearing loss (UCHL)
1.4.1

Effects of UCHL on binaural hearing

Wilmington et al. (1994) assessed post-surgery improvement in binaural processing of a
group of 19 patients with congenital UCHL that was caused by aural atresia and middle
ear malformation (Wilmington, Gray, & Jahrsdoerfer, 1994). This multi-experiment
study showed that the moderately-severe hearing loss affected many aspects of binaural
hearing abilities, including alternate and simultaneous binaural loudness balancing,
masking level difference, sound localization, and speech intelligibility. Even though a
significant improvement was shown on the audiogram and in the performance of the
patients one month after their corrective surgery, no patient achieved a full normal level
at all experiments. The authors attributed the variability in the results to the distinct level
of binaural processing that was involved for each task. They also reported betweensubject variability in the experiments. During a follow-up that took place after 6 or 24
months for some of the patients, no additional improvements were observed.
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Aural atresia and middle ear anomalies cause congenital conductive hearing loss. Despite
the availability of reconstructive surgery for these situations, the early incidence of these
malformations during the development could impact the maturation of the auditory
pathway due to the acoustic attenuation on the affected side. Therefore, it is in contrast to
studying a temporary hearing loss that occurs postlingually.
Some investigators have produced a temporary UCHL during adulthood in humans, and
some experiments were designed to test animals and humans after blocking one ear using
earplugs. Sound localization assessment has been the primary measure of these studies.
For example, Van Wanrooij & Van Opstal (2007) assessed sound localization ability of
five participants before and after wearing an earplug. They found that the unilateral
occlusion had an acute effect on binaural difference cues and produced a significant
reduction in correlation between response and target sound in the horizontal plane.
In an earlier study, Hebrank & Wright (1974) reported that acutely perturbed binaural
hearing with a unilaterally occluded ear canal via putty affects binaural difference cues,
but it was not reflected on the ability of sound localization in the median plane as long as
the listeners had their head facing the median plane. They also discussed that feedback in
this task could train the listeners and reduce localization errors.
Kacelnik et al. (2006) blocked one ear of adult ferrets and trained them to conduct a
sound localization task (Kacelnik, Nodal, Parsons, & King, 2006). Earlier, the animals
completed the sound localization of long-duration stimuli successfully with open ears
with a higher accuracy compared to short-duration stimuli. The animals showed an
immediate decrement in the response accuracy following the earplug insertion, and the
errors were more evident on the occluded side. The animals were tested once every six
days with the earplug in place. By 24 days, the responses were lateralized to the open
side, but the errors on the plugged side remained persistent. This finding suggested that
the sound localization could be relearned using the altered binaural difference cues. In a
complementary experiment, the authors compared the performance of 2 groups of
animals while one ear was occluded with an earplug, one group was tested every day, and
the other group was tested at the beginning and the end of the study period in 10 days.
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They found a significant improvement in the performance of the trained animals at the
end of the study, but no change in performance of the untrained animals was observed.
This result suggested that continuous exposure to stimuli could improve localization
scores. They tested the animals after the earplug removal, and found that those with
training had less bias to the already plugged side compared to the untrained animals.
This study on an animal model provided information regarding the effect of temporary
occlusion of the external ear on a mature auditory system, positive effect of training on
the localization accuracy following the occlusion, less aftereffect of unplugging on
trained animals, and less disruptive results following re-insertion of the plug.
The effect of training has been shown in human listeners (Kumpik, Kacelnik, & King,
2010). These authors recruited 26 participants with normal hearing and tested their sound
localization ability before and after wearing a unilateral earplug. The listeners were asked
to wear the earplug for eight days. The participants were divided into three groups: the
first group had a training session with flat noise stimuli in 1 day, the second group had
daily training with the flat noise stimuli, and the third group had no training. The
immediate performance after wearing the earplug degraded for all participants relative to
the pre-plug experiment. At the end of the study time, the localization performance
improved for the trained group compared to the non-training group. This result suggested
that training has the potential to improve human localization accuracy following
perturbed binaural hearing. The participants had an immediate recovery to the preplugged performance following the earplug removal. The two trained groups showed no
difference in the rate of improvement. This study suggested that the training during the
earplug trial improved the score with no additional benefit after the plug removal.
This study provided evidence for the immediate effect of the unilateral ear occlusion on
sound localization by humans. The occlusion with the earplug produces an acute hearing
loss that consequently alters the interaural level and time differences. The active training
increased the potential of plasticity in processing the altered binaural cues and improved
the accuracy of the performance. However, the experimental period was limited to only
one week, and the results are unlikely to represent the effect of unilateral conductive
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hearing loss for individuals who experience this disease for a longer period of time and
with gradual progression.
One etiology that could be considered for such study is otosclerosis that typically has a
late-onset during adulthood. It has been frequently reported that reconstructive surgery
for otosclerosis improves hearing thresholds significantly regardless of the level of
hearing loss (De Seta et al., 2009; Kolo & Ramalingam, 2013; Luntz, et al., 2009;
Salvinelli et al., 2003; Ueda et al., 1999). But the level of improvement is affected by the
magnitude of the hearing loss (Ueda et al., 1999). An improvement in the bone
conduction threshold at 2000 Hz was also mentioned in a one-time test 4 weeks postoperatively (Abdelghaffar, Fakhry, & Fawzy, 2010), but no further follow-up was
included for assessment of this improvement.
Earlier studies on patients with otosclerosis were focused on ear-specific tasks, regardless
of testing patients with unilateral or bilateral otosclerosis. McCandless & Goering (1974)
assessed the loudness discomfort level of patients with unilateral otosclerosis
inconsistently between 6 weeks to 3.5-year time lapse after stapedectomy. They found
that the dynamic range between the hearing threshold and the loudness discomfort level
(LDL) of the patients on average reduced. This attenuation was about 10 dB at 2000 Hz
pure tone due to an elevated threshold, and about 5.5 dB for the speech stimulus in the
affected ear, suggesting that dynamic loudness of the speech stimuli may contribute in
observing this result. They also recorded the acoustic reflex in the intact ear within the
normal range. They discussed that the absence of the acoustic reflex in the operated ear
resulted in an auditory overload. Therefore, approximately half of the patients
experienced a roll-over in speech discrimination of 20% or more at high input levels,
which is typically seen in patients with sensorineural hearing loss, even though at a
comfortable level, all patients had normal speech discrimination scores. This result
remained consistent for a few patients for up to three years. The authors assessed the
binaural loudness test using Alternative Binaural Loudness Balancing (ABLB). The
patients perceived the stimulus in the operated ear as louder than in the intact ear. This
asymmetrical loudness perception happened at some point between 60 to 90 dB.
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Several factors affecting the results of this study could be considered: a) the results were
reported only on an average basis with no information about the variability among the
patients, b) the ABLB assessed the equal loudness comparison between the ears but the
test material was a single frequency pure tone (2000 Hz), which does not represent the
balanced hearing with complex sounds such as speech, c) no pre-operative information
was available as a baseline, d) the post-operative schedule varied across patients, e) the
surgical procedure and implant were different among the patients.
Another group of researchers assessed free-field speech discrimination in noise for 20
patients who were scheduled for corrective surgery due to unilateral otosclerosis or
treatment of the second ear for the bilateral otosclerosis (De Seta et al., 2009). They
tested the patients pre-operatively and at 6 months after surgery. All patients had a
normal audiogram after the surgery. During the free-field assessment, an ipsilateral noise
to the operated ear resulted in a perfect score, while for the noise facing the intact ear or
when it was collocated with the speech in front, the scores were degraded to 90% on
average. This study reported the speech discrimination of the patients with two fixed
signal-to-noise ratio of 0 and -5 dB using phonetically balanced words. No individual
variability was discussed in this paper, and there was no follow-up assessment for
assessing further improvement over time.
Magliulo et al. (1990) designed a study to assess changes in the hearing-in-noise ability
of 20 patients with unilateral otosclerosis relative to pre-operative condition (Magliulo,
Gagliardi, Muscatello, & Natale, 1990). This study was conducted three months after the
surgery, and they implemented the masking level difference (MLD) test using a 500 Hzstimulus and masking noise with 600 Hz bandwidth. They presented the stimuli in two
conditions of fixed sound pressure level (60 dB SPL) and fixed sensation level (50 dB
SL). Generally, the MLD task is conducted with a bilateral signal presentation, and the
listener is expected to detect the signal among the masker noise. The masker and signal
may be presented in N0S0 condition diotically without any interaural difference, or in
N0Sπ condition, where there is no interaural phase shift for the noise, but there is 180
degrees interaural phase shift for the signal. The result is reported as the difference
between the N0S0 and N0Sπ thresholds. The authors found an abnormal post-operative
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MLD threshold with both fixed SPL and fixed SL conditions in some of the patients
despite the documented air-bone gap closure. They showed that the fixed SL could be a
reliable predictor for the post-operative MLD results. They reported that the duration of
the disorder and age at the onset of the disease are predictive factors for postoperative
outcomes. Five MLD impaired patients were tested one year later, and two of them
showed a normal MLD.

1.4.2

Effects of UCHL on central nervous system and binaural
hearing

The neural plasticity driven by unilateral sensory deprivation is reflected differently
depending on the age of onset of deficit and the type of the disorder. The deficits in the
central nervous system as a result of sensory deprivation during development has been
shown by studies such as monocular amblyopia (Liang, Xiao, Xie, Yin, Wang, & Yang,
2019; Meier & Giaschi, 2017), monaural cochlear ablation (Hasegawa, Hatano,
Sugimoto, & Ito, 2017), and monaural ear canal occlusion (Polley, Thompson, & Guo,
2013; Popescu & Polley, 2010).
The neural alteration associated with monocular amblyopia have been identified by
decreases in cortical thickness and increases in the curvature of the associated cortical
region (Liang et al., 2019), deficits in the fellow eye for motion perception, contrast
sensitivity, and positional acuity (Meier & Giaschi, 2017).
Plasticity following monaural cochlear ablation was assessed in guinea pigs (Suneja,
Potashner, & Benson, 1998), and rats (Hasegawa et al., 2017). Histologic investigation
indicated various changes along the brainstem including the CN, SOC, and NLL.
Unilateral hearing deprivation compromised the balance of the excitatory and inhibitory
inputs, and expression of the glutamatergic transmissions ipsilaterally and contralaterally
to the ablated ear.
The experiments that strove to assess the effect of unilateral ear canal occlusion on the
central auditory system in the animal models during the development (Popescu & Polley,
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2010) showed a disruption in binaural integration. These authors indicated an increase in
inhibitory and excitatory activation of the open ear in the primary auditory cortex (A1)
rather than in IC; also, they showed reduced excitatory activity in the IC ipsilateral to the
occluded ear, yet intact in the A1. A later study (Polley et al., 2013) indicated that the
neural plasticity associated with unilateral conductive hearing loss (UCHL) during
infancy may affect various but not all aspects of binaural hearing since each ability has a
different critical period for development.
The effects of late-onset UCHL on the central auditory system have been investigated at
different levels along the auditory pathway.
The effect of short-term UCHL on the brainstem function was assessed by recording
stapedial reflex and the auditory brainstem response (ABR) (Decker & Howe, 1981).
Thirty participants were asked to wear an earplug for 10 to 30 hours and completed the
measurement immediately after plug removal. The results showed that the wave I latency
was significantly reduced, suggesting hyper-excitation of the auditory nerve due to a
short-term sensory deprivation. They did not find a significant difference between the
acoustic reflex thresholds of the pre- and post- earplug period.
A more recent similar study (Munro & Blount, 2009) introduced the central gain
mechanism in the brainstem following an ear canal occlusion with a unilateral earplug for
a longer time. Conductive hearing loss was imposed on a group of 11 adult listeners by
asking them to wear a unilateral customized earplug for 7 days. The experimenters
recorded the ipsilateral acoustic reflex before the earplug use, immediately after removal
and 7 days after removal. The results showed an asymmetrical acoustic reflex threshold
by decreasing the threshold in the plugged ear that was reversed in 7 days. They
suggested that monaural partial sensory deprivation results in activation of an adaptive
central gain mechanism in the brainstem that is reversible.
Another group of researchers (Ferguson, Cook, Hall, Grose, & Pillsbury, 1998) recorded
the ABR and performed the masking level difference (MLD) test in a group of 21
listeners with UCHL with a duration of 2 to 25 years. They found a significantly
prolonged wave V latency despite normal interwave latency I-V compared to the healthy
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ear and a control group. They concluded that this abnormality could be due to hearing
loss. On the other hand, due to the normal interwave latency I-V, they suggested that
prolonged wave V latency may be attributed to neural plasticity at the brainstem level
such as a decrease in the synchronous activity of the neural system, reducing the number
of active neurons, or reduction in synaptic efficacy due to chronic sensory deprivation.
They also mentioned that the prolonged wave V latency is unlikely due to elevated
thresholds because the MLD results were abnormal even with bilateral stimuli at an equal
sensation level.
A different study was conducted by Sumner et al., (2005) to investigate the effect of
unilateral ossicular disruption on the AVCN. Unilateral ossicular disruption was induced
in a group of 12 adult guinea pigs, and resulted in ≥40 dB hearing loss. Some major
changes in the AVCN were identified following this disruption such as an extensive
increase in the excitatory neurons from the contralateral side while these neurons are
normally inactive, decrease in inhibitory inputs from the contralateral side that was
followed by an increase, and an immediate and long-lasting increase in spontaneous
firing. They discussed that the increase in spontaneous activity in the AVCN could be a
result of an increase in excitatory or decrease in inhibitory descending signals from the
SOC.
The effect of a unilateral earplug on the plasticity of the CN was investigated (Clarkson,
Antunes, & Rubio, 2016). The ABR was recorded before and after an ear occlusion using
a unilateral earplug in a group of 12 adult rats for 10 days. The post-plug ABR was
measured immediately after the plug removal and again 10 days after the plug removal.
This study indicated that the unilateral earplug did not affect the supra-threshold ABR
amplitude, but resulted in a reversibly increased peak latency. However, the ABR
threshold at mid and high frequencies increased with less chance of recovery in the
plugged ear. The histological investigations indicated that this transient monaural
deprivation in adult animals resulted in persistent plasticity in endbulb of Held synapses.
The endbulb of Held is located in the AVCN and contains large glutamatergic terminals,
driving this structure as an essential regulatory body for the inputs entering the brain. It
was found in this study that the synaptic vesicles and postsynaptic density and thickness
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at the endbulb of Held increased, and that resulted in an increase in the central gain in the
caudal brainstem. The authors noted that their findings are “in contrast with the concept
of homeostatic plasticity”. Homeostatic plasticity will be discussed below.
The results of these two recent studies shared the idea that the processing of binaural
hearing begins at the cochlear nucleus rather than, as previously believed, at the superior
olivary complex.
The effects of induced unilateral aural atresia were assessed on both caudal and rostral
auditory brainstem: AVCN, SOC, and IC (Hutson, Durham, & Tucci, 2009). In this
study, complete closure of the ear canal was performed for a group of 11 adult gerbils
unilaterally to create 10-30 dB hearing loss. The histological investigation took place one
week after the monaural deprivation for one group and was postponed for another group
to after opening the ear canal and noise exposure. A significant decrease in glucose
uptake was observed for the ipsilateral AVCN and MSO, and contralateral IC for both
groups and dominantly in the non-repaired group. Reopening the ear resolved the
problem with minimal residual asymmetry. Symmetrical glucose uptake suggested
balance between the ascending neurons, and the higher the severity of the hearing loss the
more asymmetry could occur.
A most recent study indicated the effect of chronic UCHL of 15 adults on the cortical
auditory evoked potentials (CAEP) using a bone conduction transducer (Parry, Maslin,
Schaette, Moore, & Munro, 2019). The duration of the hearing loss was between 1 to 21
years. They found a significant increase in the amplitude of P1-N1 and N1-P2 in
responses ipsilateral to the impaired ear. They also reported a decrease in the peak
latency suggesting an increase in hyperexcitation of the cortical auditory pathway as a
result of unilateral hearing loss. They concluded that these changes could be due to the
“homeostatic plasticity” of the neural system that aims to regulate the cortical activity
and the balance between excitatory and inhibitory responses. As a result, the
enhancement of the central gain mechanism increases the amplitude of the responses on
the deprived side.
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Magnetoencephalography (MEG) measurements were performed in 10 patients with
otosclerosis before and 4±2 months after the stapes surgery (Tecchio et al., 2000). The
study aimed to identify the activated sources within the primary auditory cortex using
pure tone bursts with carrier frequencies of 250 to 2000 Hz. The patients’ hearing loss
was bilateral but asymmetrical, and the test was completed for the ear with worse
hearing. The duration of the hearing loss was between 1.5 to 5 years. The preoperative
results showed that the morphology of the auditory evoked field (AEF) was normal.
However, it had a shorter latency than in a control group, and the equivalent current
dipole (ECD) was stronger than the control group’s at low stimulation levels. The
findings showed that tonotopy was almost absent in the cortex contralateral to the test
ear. The source of 2000 Hz activation was more superficial than in the control group,
while it is normally expected that the low-frequencies have shallow representation. This
could be due to the nature of the otosclerosis with the initiation of the hypoacusis from
the low frequencies resulting in a reduction in the neural activity of low-frequencies at
the primary auditory cortex. Due to alteration in the distribution of the activated area in
the primary auditory cortex, the acoustic stimulation resulted in neural firing at the
cortical level regardless of the frequency specifications.
A summary of the above studies is shown in Table 1.1.
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Table 1.1: Summary of studies for assessing the effects of UCHL on the central nervous system
Author

Year

Subjects

Etiology

Duration of
UCHL

Experiments

Results

Interpretation

Decker et al

1981

human

earplug

10-30 h

ABR

Decreased wave I latency

Hyperexcitation of nerve VIII

Munro et al

2009

human

earplug

7d

Stapedius
reflex (AR)

Decreased AR thresholds

Activation of the central gain

Increased wave V latency, Normal I-V latency

Decreased synchronous activity,
Decreased neural density,
Reduced synaptic efficacy
At the rostral brainstem

Ferguson et al

1998

human

UCHL

2-25 y

ABR,
MLD

Sumner et al

2005

guinea pig

ossicular
disruption

Immediately,
1 d, 7 d, 14 d

Histology

Increased excitatory contralateral VCN,
Decreased inhibitory contralateral VCN,
Increase spontaneous firing in AVCN

Disruption of excitation and
inhibition balance at the VCN

Clarkson et al

2016

rat

earplug

10 d

ABR,
Histology

No effect on suprathreshold ABR amplitude,
Reversibly increased latency,
Increased ABR thresholds

Increased synaptic vesicles,
thickness, and density in
endbulb of Held

Hutson et al

2009

gerbil

atresia

7d

Histology

Decreased glucose uptake in ipsilateral AVCN
and MSO, and contralateral IC

Even mild UCHL can alter the
central processing

Parry et al

2019

human

UCHL

1-21 y

CAEP

Increased amplitude P1-N1, N1-P2
Decreased latency P1, N1, P2

Hyperexcitation of the auditory
cortex

Tecchio et al

2000

human

Bilateral
otosclerosis

1.5-5 y

ABR,
MEG

Longer ABR latency
Shorter AEF latency than the control at 2 kHz
Wider ECD than normal

Tonotopic reorganization at the
primary auditory cortex
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1.4.3

Neural plasticity after the treatments of the UCHL

The characteristics of the central auditory pathway following recovery from temporary
UCHL have been investigated. Hutson et al. (2009) showed that the downregulation of
glucose uptake in AVCN, SOC, and IC that was caused by an induced UCHL in adult
gerbils was recovered partially but not completely after the atretic ear canal was reopened
and exposed to the background noise for 45 minutes. They showed that the asymmetry in
the input to the IC remained persistent after the UCHL repair.
The changes in the neural system may not be easily recognized in far-field measurements
of the auditory brainstem responses. It has been shown that wearing hearing aids for 3
months was sufficient for acclimatization, but the improvement in the latency and
amplitude of the ABRs was not apparent (Dawes, Munro, Kalluri, & Edwards, 2013).
Some advanced techniques have been used to assess the neural plasticity following
recovery surgery. The magnetoencephalography (MEG) measurements were completed
on 10 patients with otosclerosis in 4±2 months after the recovery surgery, and their
results were compared with their pre-operative measurements that were discussed in the
previous section (Tecchio et al., 2000). During the post-operative appointment, AEF was
comparable with the normal group, the tonotopic distribution was broadened with respect
to the duration of the hearing loss, age, and the duration of post-operation, suggesting that
the tonotopic reorganization of the auditory system requires weeks or months after
recovery intervention.
Histological studies (Clarkson et al., 2016) indicated that even after earplug removal the
density and size of the synaptic vesicles at the endbulb of Held at the AVCN remained
larger than in normal hearing. Inducing the UCHL activates the homeostatic mechanism
and results in an increase in the number of glutamate receptors and the density of the
postsynaptic neurons. The changes in the balance of these protein substances on the
Bushy cells at the CN remain persistent after the earplug removal.
Plastic changes along the neural system may occur with different mechanisms such as
Hebbian plasticity and homeostatic plasticity.
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Donald Hebb (1949) for the first time described a mechanism that underlies the process
of enhancing the synaptic strength and triggering cognition, memory, and adaptation
(Bliss & Cooke, 2011; Clapp, Kirk, Hamm, Shepherd, & Teyler, 2005). These
mechanisms were defined as Long-Term Potentiation (LTP) and Long –Term Depression
(LTD). While LTP is the result of persistent synaptic transmission, LTD is associated
with a reverse process that reduces the synaptic efficacy (Bliss & Cooke, 2011; Clapp et
al., 2005). The neocortex is of interest for researchers to assess Hebbian plasticity,
because this region is involved in the learning process for performance of sensory, motor,
and cognitive tasks. It is proposed that this process includes both physiological and
anatomical modifications (Feldman, 2009).
Besides this theory, the concept of homeostatic plasticity has been discussed as a means
to prevent neural saturation. Homeostatic plasticity regulates neural functions with the
aim of maintaining the original state following a perturbation. Considering the opposite
direction of these two types of plasticity, integration of these concepts is essential for
understanding the neural processes underlying learning, development, post-injury
adaptation, and recovery (Fox & Stryker, 2017). Homeostatic plasticity performs a
continuous tuning to maintain the firing rate of the neuron in a stable condition. This
tuning happens either at synapses or neural cells. However, Hebbian plasticity is a rapid
process at the specific synapses (Fox & Stryker, 2017).
Whether these plastic mechanisms, particularly the Hebbian plasticity, could be applied
as rehabilitation processes following recovery is under investigation. LTP and LTD
processes have been shown to generate rapid and long-lasting changes in the neural
activities that correlate with the pre-stimulation (Feldman, 2009). It has been shown that
the LTP could be induced in the human auditory cortex; the result was documented by
electroencephalography (EEG) using pure tone and noise with a hold time of over one
hour (Clapp et al., 2005; Lei, Zhao, Li, Yu, Zhang, Yan, Ma, Wang, Wang, Zhang, Shen,
Qiao, & Yang, 2017). The authors suggested that their methodology could be applied for
sensory rehabilitation.
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Although extensive research has emphasized the effect of the LTP and LTD process in
cortical regions, evidence of the LTP in the brainstem during the developmental age has
also been documented (Kotak & Sanes, 2014). This study was conducted on gerbils and
suggested that there is an activity-dependent LTP process in the LSO that is initiated
following hearing onset. The process is associated with the inhibitory neurons that are
projected from the MNTB to the LSO. These projections are required for developing
binaural hearing and sound localization.

1.5 Motivation, study questions and hypotheses
As discussed above, there is scarcity of evidence regarding the effects of late-onset
unilateral conductive hearing loss on binaural hearing abilities in humans. Additionally,
there is insufficient information to understand the impact on binaural hearing tasks of the
asymmetrical hypoacusis caused by sensory deprivation.
We aimed to develop a study to determine the effects of a temporary unilateral
conductive hearing loss on binaural hearing abilities of a mature auditory system. We
also aimed to monitor the patients’ performance following the reconstructive treatment
for the duration in which they are medically followed-up.
Conductive hearing loss was selected for this study since unlike sensorineural hearing
loss it produces a reversible hearing attenuation. In the current study otosclerosis was
used as a disease model for late-onset unilateral conductive hearing loss. Due to the
delayed onset of this disease, the possibility of the immaturity of the auditory pathway as
a result of childhood hearing loss could be ruled out.
The studies presented in this dissertation aim to respond to the following questions:
1. Does late-onset unilateral conductive hearing loss adversely affect binaural
hearing abilities of a mature auditory pathway?
We hypothesized that binaural hearing abilities are disrupted when conductive
hearing loss occurs unilaterally during adulthood.
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To test this hypothesis, we designed a multi-experiment study to test the
binaural hearing ability of eligible candidates behaviorally and objectively.
2. Are normal binaural hearing abilities of individuals with acquired unilateral
conductive hearing loss restored following reconstructive surgery?
We hypothesized that individuals with an acquired unilateral conductive
hearing loss, regain their binaural hearing abilities during the first year after
the surgery.
To test this hypothesis, we recruited eligible candidates who registered for
reconstructive surgery (stapes surgery due to otosclerosis) and tested their
binaural hearing abilities using behavioral and objective measurements before
and after the surgery for one year. This was a prospective design.
Since the objective measurements were planned to be repeated, we first assessed the testretest reliability of the responses. Therefore, we asked the following question:
3. Is the ABR BIC recorded reliably in multi-session measurements of normalhearing listeners?
We hypothesized that the electrode montage and intersession intervals affect
the test-retest reliability of the ABR BIC.
To test this hypothesis, we recruited young adult listeners with normal hearing
and recorded the ABR from 5 separate channels simultaneously in 4
systematically defined inter-session intervals.
The study exploring this third question will be presented first because it addresses
questions of methodology relevant to the studies related to the first and second questions,
whose designs included multiple measurements of the ABR BIC.
The study took place at the National Centre for Audiology (NCA) at the University of
Western Ontario. The study was approved by the Ethics Board of the University of
Western University (#106976) and the Lawson Research Institute (R-15-489).
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Chapter 2

2

Optimizing electrode configuration and inter-session
intervals for test-retest reliability of the auditory
brainstem binaural interaction component

2.1 Introduction and Motivation
The aim of this study was to optimize the electrode configuration for measuring the
brainstem binaural interaction component (BIC). Furthermore, the test-retest reliability of
the auditory brainstem BIC across multiple sessions with systematically defined intersession intervals was investigated.
The BIC is a topic of interest for the researchers who seek to assess the neural
mechanisms of processing the spectral and temporal characteristics of sounds arriving at
the two ears. This process includes but is not limited to the electrical activities of the
nuclei locating along the brainstem (Tollin & Yin 2005). Primary experiments indicated
that the peak of the auditory brainstem response (ABR) in summed monaural stimulation
has a larger amplitude than in the binaural stimulation (Jewett 1970; van Olphen,
Rodenburg, & Verwey, 1978; Dobie & Berlin 1979). The deviated amplitude is evident
only on the responses that are allocated to the neural activities of the rostral brainstem
(Hashimoto, Ishiyama, Yoshimoto, & Nemoto, 1981; Brantberg et al. 1999a). This
interaction could be illustrated as a waveform that is calculated by subtracting the
aggregated monaural from the binaural ABRs. The derived BIC is typically expected to
emerge with an early positive peak (DP1) that is followed by a difference negativity
(DN1) and a second positive peak (DP2).
Despite extensive investigations on measuring the auditory brainstem BIC, currently,
there is no consensus on the optimal electrode montage for capturing this biomarker.
While some studies were designed to record the responses from the nape of the neck
(Spivak & Seitz, 1988; Furst et al. 2004; Brantberg et al. 1999a, 1999b; Fowler & Horn
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2012), seventh cervical vertebra (Furst et al. 1985; Brantberg et al. 1999b; van Yper et
al., 2015), and the laryngeal region (Kelly-Ballweber et al. 1984), others selected parietooccipital and mastoid for simultaneously recording the auditory brainstem potentials on
separate channels (Riedel & Kollmeier 2002a, 2002b, 2006). The studies with
multichannel ABR recording analyzed the averaged collected data from all locations to
measure the BIC (Riedel & Kollmeier 2002a, 2002b, 2006). In fact, a systematic
comparison of the results across the recording channels was beyond the scope of these
articles. Given the cumbersome calculation of the BIC and small signal-to-noise ratio
(SNR) of the responses, optimizing the electrode configuration would improve
visualization of the BIC and interpretation of the measurements when the BIC is
measured for diagnostic purposes.
Among the three major peaks of the BIC, the salience of the DN1 has achieved the
primary attention in the literature. Earlier investigators used one of two strategies to
measure the amplitude of the BIC deflection: 1) baseline-to-peak amplitude DN1 (e.g.,
Furst et al. 1985; Levine & Davis 1991; Brantberg et al. 1999a, 1999b), or 2) peak-topeak amplitude DP1-DN1 (e.g., Wrege & Starr 1981; Riedel & Kollmeier 2002a, 2002b,
2006; van Yper et al. 2015). In a single session measurement, there is no supremacy of
one approach over the other. However, when the test-retest reliability of the BIC is
required in order to monitor an intervention, selecting peak-to-peak amplitude
measurement may affect the interpretation of the results. Given the possibility of having
separate anatomical origins (Laumen, Ferber, Klump, & Tollin, 2016b), consistency of
both DP1 and DN1 amplitude is required when peak-to-peak amplitude measurement is
selected.
In a multi-session ABR measurement in a group of adult guinea pigs, Ferber et al (2016)
showed considerable test-retest variability in the derived BIC amplitude from the parent
ABR across a wide range of stimulus conditions. They attributed this variation to the
experimental properties such as electrode placement and earphone location in the
succeeding sessions. It is also noteworthy that this study contained a large number of
trials (n=17) within individual sessions and that the activity-dependent neural plasticity at
the brainstem as a result of continuous sound exposure may have been reflected in the
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results. Existing literature provides evidence that repeated exposure of the neural system
to a sensory stimulus could potentially change the efficacy of the synaptic transmission
and that this repetitive stimulation for a certain amount of time could cause a neural
reorganization in the form of long-term potentiation (LTP) and long-term depression
(LTD) (Bliss & Cooke 2011).
During a pilot study that was conducted with random intersession intervals, we found that
the ABR BIC had more reliability when the appointments were scheduled with intervals
of about one month. The waveform was measured with a very small DN1 peak or a wider
peak with no DP1 when the follow-up session was scheduled within a week. Therefore,
we aimed to consider systematically defined intervals (less than 24 hours, one week, and
one month) between the sessions for assessing the test-retest reliability of the ABR BIC
in normal-hearing listeners. We recorded the ABR from five channels simultaneously in
four successive sessions with defined inter-session intervals and compared the BIC
among the recording channels and sessions.
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2.2 Materials and Methods
2.2.1

Participants

Thirteen adult listeners (12 females, 1 male) ranging in age between 20 to 39 years signed
a consent form to participate in this study. The consent form explained the procedure
including the duration and frequency of the experiment and the relaxation condition that
was required during the experiment. The subjects were also informed in the consent form
regarding their rights as a participant.
Cursory otoscopic examination was unremarkable. Conventional audiometry was
performed in a sound-treated booth to confirm normal hearing thresholds with ≤15 dB
HL across octave band frequencies (250 to 8000 Hz) for both ears. Audiometry was
performed during the initial visit on a Grason-Stadler audiometer (GSI-61, Minnesota,
MN) with insert earphones (Etymotic ER-3A; Etymotic Research Inc., Chicago, Illinois)
and pulsed stimuli. The participants reported no history of neurological diseases.

2.2.2

Electrophysiological acquisition

Auditory brainstem responses were measured in a 2.80 × 2.80 × 2 m double-walled
sound-treated booth (Figure 2.1). The measurements were conducted while the
participants were laying on an adjustable bed.
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Figure 2.1: Schematic floorplan of the soundbooth for the ABR recording.

The experiment was conducted using the IHS Smart EP (Intelligent Hearing Systems
Corporation, Miami, FL) and 8-channel transmitter (Opti-Amp 8008). Shielded ER-2
insert earphones were connected to a Universal Smart Box (USB) via a Sound Output
Booster Box to reduce the possibility of decreasing the power of the stimulus. The
recording laptop and the Opti-Amp 8008 were inside the booth, and the remaining parts
of the recording system were placed outside the booth. The laptop was unplugged and the
dimmer light of the soundbooth was turned off during the measurements.
Evoked potentials were recorded via gold disc electrodes (Natus neurology, CA, USA)
placed on the surface of the scalp. Inverting electrodes were placed on the left and right
earlobes (A1 and A2), the left and right parieto-occipital (PO9 and PO10), and the
seventh cervical vertebra (C7), referenced to a common electrode placed on the middle of
the head (Cz) as a non-inverting electrode. The ground electrode was placed on the
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forehead (Fpz). To reduce the variations in electrode placement across recording sessions
the international 10-20 system has been recommended by Jasper H. (1958). This is a
commonly used method for multi-channel electroencephalography (EEG) measurements
with the aim of reproducibility of the measurements. This method specifies that the
distance between the two adjacent electrodes is set either 10% or 20% of the total frontback or right-left distance of the skull. The positions of Fpz, and Cz were identified with
this method. The locations of the PO9 and PO10 were identified based on the
explanations of a modified version (Jurcak, Tsuzuki, & Dan, 2007). In this method, 1/5th
of the axial curve between the periauricular point (T9/T10) and inion (Iz) was calculated
to identify TP9, P9, PO9, and I1. For the purpose of this study, only the parieto-occipital
regions were required. Therefore, the midpoint between the inion and periauricular point
was identified for each side.
The location of C7 was identified by asking the participants to bend their head down
while keeping the body in a straight vertical position. A fabric headband was utilized to
stabilize the electrodes placed on the PO9 and PO10 locations and to prevent them
detaching from the scalp. The impedance between the electrodes and skin remained <5
kΩ for all electrodes and every recording session.
Several strategies were applied to minimize the interference of noise and artifact with the
ABR. These strategies were discussed in detail by Crumley (2011). Briefly, a
comfortable resting position was set for the subjects during the recording to reduce
elicitation of myogenic artifacts due to muscular fatigue. The ABRs were recorded in a
semi-dark soundbooth. The participants were asked to lay on a comfortable and manually
adjustable bed following the electrode montage. The bed was angled in a backrest
position (Fowler’s position) so that the head and back were aligned and the lower and
upper trunk was positioned at about 30-45 degrees while the listener’s legs were straight
or the knees were slightly bent. According to Benedik and collegues (2009), this is a
common position to provide the participant with comfort and rest and easy breathing due
to chest expansion and oxygenation (Benedik, Baun, Keus, Jimenez, Morice, Bidani, &
Meininger, 2009). Meanwhile, Fowler’s position, in contrast to the supine position,
reduces the physical pressure of the listener’s head on the electrodes PO9 and PO10. The
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participants were instructed to remain still and to avoid blinking while hearing the sound
stimulus. They were encouraged to close their eyes and fall asleep if possible, during the
recording. A neck pillow was placed around the head to maintain the head position.
Cellphones were turned off and left outside of the testing booth. The computer was
unplugged, and the IHS transmitter was set outside of the testing booth. The electrode
leads were braided to reduce inductive current generated in the electrodes and to decrease
the artifact (Smith & Wolfe, 2014; Crumley, 2011).

2.2.3

Stimulus

Broadband rising A-Chirps stimuli (Fobel & Dau, 2004) were used in this study for
eliciting the ABRs. Substantial advantages of rising chirps over clicks for eliciting the
ABR from the entire region of the cochlea have been discussed earlier in Chapter 1,
section 1.2.5.
For the current study, a customized chirp stimulus was generated using MATLAB
software to incorporate a flat frequency spectrum between 0.1 to 14 kHz with a duration
of 11.05 ms and at a sampling rate of 40 kHz and 60 dB SPL optimized level. Figure 2.2A displays the Raw Chirp waveform and frequency spectrum. For the chirp stimulus, the
instantaneous changes in frequencies occur with a different rate at low and high
frequencies, yielding a dominant spectrum with low frequencies. This is shown in Figure
2.2-B. To flatten the frequency spectrum, an amplitude envelope was applied. The
temporal waveform of the flat-spectrum chirp is shown in Figure 2.2-C. The waveform of
a reversed chirp with the flat-spectrum is shown in Figure 2.2-D. As shown in this plot,
the stimulus starts with a very small amplitude at the low frequencies and increases
nonlinearly in amplitude as the frequency changes with time. This is called a flatspectrum chirp. The purpose of using the flat spectrum is to elicit ABR morphology
similar to that of the familiar click-evoked ABR (Dau et al., 2000).
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A)

B)

C)

D)

Figure 2.2: A) waveform of a broadband falling chirp (Raw Chirp), B) instantaneous
frequency for the Raw Chirp, C) flat-spectrum of the reversed (rising) chirp, D)
waveform of a reversed chirp with the flat-spectrum
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The insert earphones and the chirp stimulus were calibrated using the calibration module
of the IHS system. The output of the transducers was measured via a Brüel & Kjær sound
level meter type 2250 with B&K 4134 microphone in a 711 coupler using 80 dB SPL.
Table 2.1 summarizes details of stimulus and recording parameters. A pre-stimulus
recording was applied for baseline correction.

Table 2.1: Stimulus and recording parameters for ABR measurements
Parameters

Setup

Stimulus parameters:
Stimulus type
Frequency spectrum
Duration
Sampling rate
Stimulus rate
Stimulus level

Rising A-chirps
100-14000 Hz
11.05 ms
40 kHz
9.7 /sec
35-40 dB SL

Recording parameters:
Analyzing time window
Polarity
Filter frequency
Signal to noise ratio window
Gain
Number of sweeps/trial
Artifact rejection amplitude
Artifact rejection window
Number of datapoints
Time offset
Baseline correction window

-5 to 25 ms
Alternating
100-3000 Hz
14-20 ms
200K
4000
20 μV
0-25 ms
4096
0
-5 to 0 ms

The .WAV file of the customized chirp stimulus was uploaded on the IHS system with a
sampling frequency of 40 kHz. The chirp stimulus was presented through ER-2
transducers to maximize the ABR amplitude due to their wider frequency response
compared to ER-3 transducers (Elberling, Kristensen, & Don, 2012).
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A bracketing method was applied at the beginning of each session to measure the
participant’s monaural hearing threshold for the chirps. Simultaneous bilateral stimuli
were then presented at 40 dB above the threshold to ensure that the sound was perceived
comfortably and in the centre of the head. If the listener reported that the bilateral sound
was lateralized to one side the levels were adjusted by bracketing in 5-dB steps to provide
a centred image. Given the low level of the stimulus (40 dB SL) and the deep insertion
of the insert foams, interaural attenuation was maximized (Killion, Wilber, &
Gudmundsen, 1985), and therefore, monaural stimulations were conducted without
contralateral masking.
ABRs were collected monaurally and binaurally in a random order for each participant at
every session. The binaural condition included diotic (zero interaural time and level
differences) and dichotic (right- and left-leading interaural time differences) stimulus
presentations. A total of five binaural conditions were tested, but in the current Chapter of
this dissertation, only the diotic condition will be discussed.
Two independent trials for each condition were stored in separate buffers. Each trial
consisted of 4000 averages that were delivered at a rate of 9.7 Hz yielding a total time of
about 7 minutes per trial. Therefore, an average of 8000 sweeps of each condition was
collected for calculating the BIC for a total of about 2 hours of recording after completing
the setup.
Figure 2.3 indicates a typical response from this measurement. The calculated BIC is also
shown in this plot. The major peaks are marked with arrows. As shown in this Figure, the
ABR evoked with chirps appears within a longer time window (~18 ms) than for click
ABRs (<10 ms), as the responses to the chirps are recorded relative to the onset of the
stimulus with a duration of ~11 ms which is included in the peak latency measures
(Wegner & Dau, 2002).
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Figure 2.3: Typical ABR and the calculated BIC with chirp stimulus. The major peaks
were marked with arrows. The shaded area indicates the pre-stimulus recording

2.2.4

Inter-session intervals

Repeated measures of the ABR were made in four consecutive sessions with
systematically defined inter-session intervals. The appointments following the initial
recording were scheduled consistently for all participants with a long interval (Median:
32 days; two participants were tested with an interval of more than 50 days due to their
availability), a short interval (Median: 14 hours), and a medium interval (Median: 7
days). For the short intervals, participants agreed to attend a late evening recording
followed by an early next morning session to minimize the effect of fatigue.

2.2.5

Statistical Analysis

ASCII files of the measurements were transferred to a MATLAB program for the
analyses. Following the transmission, the raw data collected by the IHS SmartEP
recording system were converted into μV in MATLAB using a proprietary equation that
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was requested from the manufacturer. The calculation requires the data values, selected
gain, and the number of collected sweeps.
The ASCII file indicated the zero point corresponding to the onset of the stimulus. This
information was used to determine the range of the recording for the purpose of analysis.
A range of 1200 datapoints from the original 4096 datapoints of each recording was
selected for this analysis to include a 5 ms pre-stimulus and 25 ms post-stimulus time
window. The convolution function in MATLAB was used to smooth out the waveforms
with a 7-point running average.
Baseline correction was applied to all waveforms before measuring the peak latency and
amplitude. For this analysis, an average of the pre-stimulus recording was calculated for
each waveform, and the result was subtracted from each one of the datapoints in the
original file that was corresponding to each measurement.
The ABR- BIC was calculated using the following formula:
𝐵𝐼𝐶 = 𝐵𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝐴𝐵𝑅 − [(𝑅𝑖𝑔ℎ𝑡 𝐴𝐵𝑅) + (𝐿𝑒𝑓𝑡 𝐴𝐵𝑅)]
This procedure was completed for the individual channels and each session. Following
the completion of this procedure for each individual, a grand average of the waveforms
was calculated from the data of the 13 participants for each condition.
The latency of wave V and the components of the BIC, including DP1 and DN1 were
measured relative to the stimulus onset. In the current study, the wave V peak was
selected rather than the wave V shoulder. The wave V amplitude was measured between
the peak and the following trough (V’).
The DN1 amplitude of the BIC was measured relative to the baseline. The waveforms
were included in the statistical analyses only when the baseline-to-peak amplitude of the
DN1 was equal to or greater than 2σ, where σ is the standard deviation of the BIC
calculated using the following equation, as was discussed in Chapter 1 and was described
by Riedel & Kollmeier, (2002a).
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σBIC = (σ2R + σ2L + σ2B)½
The signal-to-noise ratio (SNR) of an individual waveform is associated with the
replicability of the waveforms such that a higher SNR value is in favour of high
similarity between the buffers. The SNR value estimates the quality of the recording
(Elberling, & Don 1984). The averaging of the accumulated responses results in
reduction of the standard deviation of the noise which is called residual noise (RN). The
RN indicates fluctuations of the amplitude. Several guidelines define the acceptable SNR
and RN for accepting a “response present”. The Ontario Infant Hearing Program (IHP)
(2016) defines the acceptable levels of the SNR (greater than 1.0) and RN (below 0.025
μV). The British Colombia Early Hearing Program (2012) defines the acceptable levels
of the SNR (greater than 1.0) and RN (below 0.11 μV).
The SNR and RN in the current study were calculated using a “split-sweep” algorithm
that is available in the IHS system (Keesling, Parker, & Sanchez, 2017). The procedure
is shown in Figure 2.4 for one of the ABR measurements with chirps.

Figure 2.4: Split-sweep algorithm to calculate signal and noise estimate for a typical
waveform from the current study
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The IHS system saves the recordings into two memory buffers, which allows
determination of the replicability of the responses. This replicability can be verified
visually or numerically by the signal-to-noise ratio (SNR), residual noise (RN), and
cross-correlation (CC). A time window is defined within which these values are
calculated. For the current study, the time window was limited to 14 and 20 ms, the range
where the wave V and the BIC appeared. In the split-sweep technique, the total sweeps of
each waveform split into 2 buffers of odd (A) and even (B) numbered sweeps, where
each buffer contains one half of the total of sweeps. The algorithm then calculates the
Signal sum-squared (SSS) and Noise sum-squared (NSS). The Signal value in this
approach is estimated by averaging the two buffers while the Noise value is estimated by
subtracting the buffer values. These values are then applied toward SNR estimation by
following equation that is provided by the manufacturer (Intelligent Hearing System,
Corp. (2006), Technical Specifications Document M830104):
𝑆𝑁𝑅 = 1/2  √(𝑆 𝑠𝑠)/√(𝑁 𝑠𝑠)
where, SNR is signal to Noise Ratio, SSS is Signal sum-squared, NSS is Noise sumsquared.
The RN is calculated using the sum-squared values of the estimated Noise in μV shown
in the following equation:
𝑅𝑁 = 4  √(𝑁𝑠𝑠µ𝑉)/𝑑𝑎𝑡𝑎𝑝𝑜𝑖𝑛𝑡𝑠
where, RN is residual noise, NSSμV is Noise sum-squared in μV, and datapoints are
defined numbers by the IHS system (e.g. 1024 or 4096) to indicate the resolution of the
measurement.
Cross correlation (CC) analysis is implemented to indicate replicability between 2
buffers. The split-sweep technique calculates the Pearson product-moment crosscorrelation between buffers A and B within the defined time window.
The results across channels and test sessions were compared using repeated measure
analysis of variance (ANOVA). The level of significance was defined at 0.05. Bonferroni
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adjustment was applied for pairwise comparisons, and the Greenhouse Geisser correction
was selected for interpretation when sphericity was violated.
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2.3 Results
2.3.1

Waveform amplitude depends on the electrode configuration in a
single recording session

Figure 2.5-A shows a total of five groups of waveforms surrounding a head model
including the positions of the inverting and non-inverting electrodes. The waveforms are
averaged from the responses of the 13 subjects in the initial recording session.
Each group of waveforms corresponds to one channel between Cz and the left earlobe
(A1), right earlobe (A2), left parieto-occipital (PO9), right parieto-occipital (PO10), and
seventh cervical vertebra (C7). There are five recording conditions for each group of
waveforms including right stimulus (red), left stimulus (blue), binaural stimuli (green),
summed monaural ABR (brown), and the BIC (black). The shaded area bounds the 5 ms
pre-stimulus duration. The ABR peaks (I, III, and V) and the DN1 are marked by arrows
for all waveforms, and the DP1 was identified from the baseline for three channels of CzA2, Cz-PO9 and Cz-C7. Correlation between the two trials of each condition was
measured by the IHS system and indicated high replicability of the responses for all
measurements (r>0.90).
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Figure 2.5: A) grand average ABR of 13 participants for all recording conditions and the calculated BIC from 5 separate channels, B)
Superimposed BIC from 5 channels.
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As shown in this Figure, the ipsilateral responses recorded from the channels on the side
position of the head appeared with more detailed components compared to the
contralateral responses. The ipsilateral responses included waves I, III and V in contrast
to the contralateral responses that included primarily a large wave V peak. Contrarily, the
midline channel on the neck (C7) collected monaural (ipsilateral and contralateral)
evoked potentials with a roughly identical morphology. Wave I is cancelled in this
electrode montage due to its dipole position (Starr & Squires, 1982).
Figure 2.5-B indicates the superimposed BICs on their baseline for individual channels to
facilitate visual comparison and the three dominant peaks of the BIC including DP1,
DN1, and DP2 are marked by arrows. As shown in this Figure, the BIC corresponding to
channel C7 (orange waveform) on the midline neck had the largest amplitude, and the
BIC corresponding to channels PO10 (red) and PO9 (purple) had the smallest amplitude
compared to channels A2 (blue) and A1 (green).
To identify whether the variations in the BIC amplitude are related to the parent ABR,
wave V magnitude was compared across channels. Figure 2.6-A illustrates mean ± SD of
the wave V amplitude of four conditions (right, left, bilateral, and summed monaural)
across five recording channels. Numerical values of these measurements are summarized
in a Table (Appendix 1).
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A)
P<0.05

P<0.05

Right stimulus
Left stimulus
Bilateral stimuli (diotic)
(Right + Left)

P<0.05

B)
DP1
DN1

P<0.05

P<0.05

Figure 2.6: A) Mean ± SD wave V peak amplitude and latency (top row), B) Mean ± SD BIC amplitude and latency (bottom row).
The horizontal lines indicate significant differences.
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Repeated measure ANOVA revealed a significant main effect of channels for wave V
amplitude (Right ABR: F(4,48)=44.67, p<0.0001, Ƞ2 partial = 0.79; Left ABR:
F(4,48)=47.82, p<0.0001, Ƞ2 partial = 0.80, Binaural ABR (F(2.48,29.77)=61.75,
p<0.0001, Ƞ2 partial = 0.84), and Summed monaural ABR (F(2.70,32.45)=66.19, p<0.0001,
Ƞ2 partial = 0.85). This is consistent with earlier reports that indicated an effect of the
electrode montage on the ABR amplitude (Starr & Squires, 1982).
The DN1 and DP1 amplitudes of the BIC across recording channels are plotted in Figure
2.6-B in black and pink symbols, respectively. Repeated measures ANOVA revealed a
significant main effect of channel for the DN1 amplitude (F(2.33,27.99)=14.87,
p<0.0001, Ƞ2 partial = 0.55).
Pairwise comparison among the channels indicated that wave V and DN1 recorded from
channel C7 had a significantly larger amplitude relative to all other channels in all
conditions (p<0.0001). The significance of this finding is that the larger the DN1
amplitude is measured, the better it could be detected from the baseline and the noise
level. Contrarily, the DP1 amplitude was independent of the electrode montage
(F(4,48)=0.45, p=0.77, Ƞ2 partial = 0.04).
In contrast to the amplitude, the mean peak latency was robust and independent of the
electrode montage in monaural recording (Figure 2.6-C). Wave V was recorded from
channel C7 slightly earlier than the other channels when monaural responses were
elicited; however, this difference did not reach significance (Right ABR:
F(1.87,22.48)=2.94, p=0.08, Ƞ2 partial = 0.20; Left ABR: F(1.96,23.55)= 2.48, p=0.12, Ƞ2
partial

= 0.17). For bilateral and summed monaural measurements a significant main effect

of channel was obtained for the wave V latency (Binaural: F(4,68)= 9.24, p<0.0001, Ƞ2
partial

= 0.44; Summed monaural: F(2,23.99)= 5.18, p=0.01, Ƞ2 partial = 0.30). Pairwise

comparison among the channels indicated that wave V of channel C7 appeared earlier
than that of the other channels. This between-channel difference was not reflected in the
calculated BIC latency (Figure 2.6-D), (DN1: F(2.40,28.78)=1.35, p=0.28, Ƞ2 partial =
0.10; DP1: F(2.55,30.61)=0.51, p=0.65, Ƞ2 partial = 0.04).
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2.3.2

The signal to noise ratio (SNR) and the residual noise (RN)
were independent of the electrode configuration

The ABR BIC has a very small amplitude and it can be concealed in a noisy waveform.
Therefore, a well-defined electrode montage for measuring the ABR waveform that is
less affected by the physiological noise is promising. In the recordings obtained in this
experiment, the artifact and external noise remained at minimum, such that the total
number of sweeps that were rejected was on average 0.81% for the right stimulus, 1.10%
for the left stimulus, and 2.07% for the bilateral stimuli.
To understand whether the high peak amplitude at channel C7 is associated with a better
SNR or the electrode location, the relation between the SNR and the peak amplitude was
calculated. Similarly, to indicate whether the SNR variability was associated with the
noise level, the relation between the RN and the peak amplitude was assessed.
The SNR and RN were calculated by the IHS algorithm (that was explained in Section
2.2.5) within the defined window of 14 to 20 ms, where wave V and the BIC were
visualized. Figure 2.7 shows the analysis window between the two dashed lines on a
typical set of waveforms including all measurements. This measurement was completed
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Figure 2.7: The time window for calculating the SNR is shown between the two dashed
lines.
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Individual data for recorded waveforms (left, right, both ears), and calculated waveforms
(summed monaural, and the DN1), are shown in Figures 2.8-A to 2.8-E, respectively. The
plots indicate the wave V peak amplitude and DN1 against the SNR corresponding to
each channel.
In the current study, the SNR was measured with a range of 1.46 to 8.74 for monaural
ABR, and a range of 2.45 to 12.33 for binaural ABR across channels within the
designated window. The statistical analyses did not show significant differences in the
SNR across channels and conditions (Right ABR: F(4,64)=0.68, p=0.61; Left ABR:
F(4,64)=1.98, p=0.11; Binaural ABR: F(4,64)=1.15, p=0.34; Summed monaural ABR:
F(4,64)=1.34, p=0.27; BIC: F(4,64)=1.57, p=0.19). This result suggests that the
responses were recorded with high SNR at all recording channels.
To indicate whether within-group variability in SNR affected the ABR amplitude,
bivariate correlation analysis was conducted. However, no significant relationship
between the peak amplitude and the SNR was observed (p>0.05) for most of the
conditions. There was only one outlier in this analysis for channel A2 of the DN1 plot
indicating a significant relationship between the SNR and the amplitude (p= 0.01, r2 =
0.45) which could be explained by the high level of residual noise in this channel, and
which will be discussed in the next section.
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Figure 2.8: The stem plots indicate the relationship between the wave V amplitude and the SNR for each recording channel within the
defined time window. A and B) are for the monaural responses, C and D) are for the binaural and summed monaural responses. E) The
DN1 amplitude is shown with reversed z-axis for visual comparison.
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The RN values were measured with a range of 0.04 to 0.28 µV for the monaural ABRs
across channels, a range of 0.05 to 0.35 for binaural, and a range of 0.07 to 0.30 for the
BIC. No significant differences were found across channels in RN values for the
monaural conditions (Right ABR: F(4,64)=1.57, p=0.19; Left ABR: F(4,64)=1.96,
p=0.11). Only bilateral ABRs had a significant difference in the RN between channels C7
and PO9 (F(4,64) = 2.92, p=0.03).
Figures 2.9-A to 2.9-E illustrate the relationship between the RN as a function of the
SNR across channels for all conditions. A significant negative correlation was found
between the RN and SNR for 76% of the channels in overall conditions (r2 range: Right
ABR: 0.46 to 0.70, p<0.05; Left ABR: 0.51 to 0.76, p<0.05; Binaural ABR: 0.51 to 0.69,
p<0.05; Summed monaural ABR: 0.04 to 0.29, p>0.05; DN1: 0.18 to 0.67, p<0.05). An
inconsistent relationship between the RN and SNR for the DN1 condition was obtained
for channel A2 compared to the remaining channels. This high level of RN affected the
analysis related to the SNR that was discussed earlier.
The identical SNR and RN values across channels indicate a similar quality of recording
in the monaural and binaural measurements and a minimal contribution of noise in the
measured peak amplitude. This would suggest that the variability in wave V peak
amplitude across channels is attributed to the electrode configuration and contribution of
the neural generators of the peaks rather than to the noise level.
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Figure 2.9: The stem plots indicate the relationship between the RN and the SNR for each recording channel within the defined time
window. A and B) monaural responses, C and D) binaural and summed monaural responses, and E) the DN1; Asterisks show the
significant relationship between the RN and SNR
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The SNR of the BIC waveform was compared across channels, and the data are shown in
Figure 2.10. The SNR was higher in C7 channel compared to the other recording
channels. However, this difference did not reach significance (F(4, 48) = 2.25, p = 0.08,
Ƞ2 partial = 0.16, power = 0.62).

Figure 2.10: The SNR of the BIC across channels within the defined window (14 to 20
ms). Notches of the box plot indicate the variability of the median between samples.
When the width of the notch of boxes does not overlap, the data have different medians at
α=0.05 level.
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2.3.3

The peak amplitude of the wave V and DN1 was dominant at
the midline electrode consistently across four test sessions

The successive recording sessions for assessing the test-retest reliability of the BIC were
scheduled systematically with long (median: 32 days), short (median: 14 hours), and
medium intervals (median: 7 days). Similar procedures were performed for recording the
ABR and calculating the BIC in all sessions.
Given that similar SNR and RN were calculated across the recording channels, the
similar quality of recording across channels was verified. Therefore, it was speculated
that any differences in the response amplitude across channels could be attributed to the
position of the electrode relative to the evoked potential sources. Individual data of the
peak amplitude of wave V and DN1 were plotted across channels and four test sessions in
Figures 2.11-A to 2.11-E. In each plot, the data of one recording condition (right, left,
both) and calculated conditions (summed monaural, and the DN1) for four test sessions
and five channels are shown. The horizontal lines on the top of each plot indicate
significant differences.
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Channel PO10
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C)

D)

E)

DN1

Figure 2.11: Wave V and DN1 amplitude across test sessions and recording channels. A and B) monaural responses, C and D)
binaural and summed monaural responses, and E) the DN1. The horizontal lines indicate significant differences.
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Multivariate analysis of variance (MANOVA) was conducted to compare the wave V
amplitude across sessions and channels (5 channels x 4 test sessions). The multivariate
tests indicated that there was a significant main effect of channel on the response
amplitude for all conditions (Left stimulus: Wilk’s λ = 0.39, F(16, 174.78) = 3.99,
p<0.0001, Ƞ2 partial = 0.21, Power = 0.997), (Right stimulus: Wilk’s λ = 0.39, F(16,
174.78) = 3.90, p<0.0001, Ƞ2 partial = 0.21, Power = 0.997), (Bilateral stimulation: Wilk’s
λ = 0.45, F(16, 174.78) = 3.25, p<0.0001, Ƞ2 partial = 0.21, Power = 0.986). The test of
between-subject effects was statistically significant for all recording conditions in all
sessions.
Pairwise comparison indicated that the wave V ABR recorded from channel C7 had a
significantly higher amplitude than all other channels in all recording sessions (p<0.05).
Meanwhile, the wave V amplitude recorded from channel A1 was similar to channel A2
responses consistently in all recording sessions (p>0.05). Similarly, there was no
difference between wave V amplitude recorded from channels PO9 and PO10 (p>0.05).
MANOVA was conducted to compare the DN1 amplitude across test sessions and
channels. Multivariate tests indicated a significant effect of channel (Wilk’s λ = 0.56,
F(16, 156.45) = 2.06, p = 0.1, Ƞ2 partial = 0.14, Power = 0.875). The test of between-subject
effects was statistically significant in all but the third session with a short interval
(Session1: F (4, 54) = 3.04, p = 0.03; Session2: F (4, 54) = 3.21, p = 0.02; Session3: F (4,
54) = 1.38, p = 0.25; Session4: F (4, 54) = 4.56, p = 0.003). Mean and median of the DN1
amplitude were higher than the other channels in all four test sessions. However, this
difference did not always reach significance.
The standard deviations of the DN1 amplitude across individuals were calculated for all
test sessions and recording channels (Table 2.2). Repeated measures ANOVA were
conducted to compare the DN1 amplitude across sessions for each channel. No
significant differences in the DN1 amplitude were observed across test sessions (p>0.05).
The standard deviation values of the DN1 indicated that the variations among the
individuals were higher in the third session for all recording channels.
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Table 2.2: Mean (SD) of the DN1 amplitude across sessions and channels
Recording channels

Inter-session
intervals

A1

PO9

C7

PO10

A2

Initial

-0.20 (0.07)

-0.15 (0.06)

-0.26 (0.09)

-0.17 (0.06)

-0.21 (0.09)

Long

-0.21 (0.07)

-0.18 (0.05)

-0.27 (0.08)

-0.18 (0.04)

-0.21 (0.07)

Short

-0.21 (0.09)

-0.17 (0.10)

-0.27 (0.14)

-0.21 (0.13)

-0.20 (0.10)

Medium

-0.19 (0.06)

-0.15 (0.08)

-0.26 (0.08)

-0.16 (0.08)

-0.19 (0.06)

Due to the variations observed in the DN1 amplitude across subjects in the third session,
correlation coefficient analysis was conducted to assess the variability across test
sessions. This analysis will be discussed in the next section.

2.3.4

The amplitude ratio of the DN1/wave V was independent of
the electrode configuration but dependent on the intersession interval

As was shown in the previous section, the average wave V amplitude for each channel
was consistent across test sessions. However, there was a large variation across
individuals for each session. In order to determine whether this variation was reflected in
the DN1 amplitude, the ratio of the DN1 amplitude to wave V amplitude was calculated
for each channel within a session. The wave V amplitude of the bilateral ABR was used
for this calculation.
Test-retest reliability was evaluated to assess the within-subject variability across
sessions (Table 2.3). The coefficient of variability (CV) was calculated between the two
consecutive sessions for each subject, and the data of all subjects were averaged for each
interval and each channel.
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Table 2.3: Within-subject variability. Mean CV of the amplitude ratio (DN1/wave V)
between two consecutive sessions for each channel (*CV: Coefficient of Variation)
Inter-session
interval

Measurement
(DN1/wave V
amplitude)

A1

PO9

C7

PO10

A2

Long

Mean CV

25%

27%

27%

33%

26%

Short

Mean CV

26%

34%

35%

43%

32%

Medium

Mean CV

31%

37%

38%

44%

30%

Recording channel

Comparison of the CVs shown in the above Table indicated that within-subject variability
in short and medium intervals was higher (but not significantly so) compared to the long
interval (p>0.05). The least within-subject variability was observed for the long intersession interval, suggesting that higher test-retest reliability is measured for intervals
beyond one week.
Meanwhile, the calculated DN1/wave V values of the individuals were averaged for each
channel and test session. The larger the ratio, the larger the DN1 amplitude relative to the
wave V amplitude is shown. These results are shown in Table 2.4.
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Table 2.4: Amplitude ratio (DN1/wave V) across subjects for each channel. (*SD:
Standard Deviation, CV: Coefficient of Variation)
Inter-session
intervals

Initial

Long

Short

Medium

Measurement
(DN1/wave V
amplitude)
Mean
SD

Recording channel
A1

PO9

C7

PO10

A2

-0.36

-0.33

-0.31

-0.38

-0.36

*

0.20

0.19

0.16

0.20

0.20

*

CV
Mean

57%

58%

52%

54%

56%

-0.35

-0.41

0.30

-0.34

-0.34

SD

0.10

0.23

0.06

0.09

0.12

CV
Mean

29%
-0.36

56%
-0.35

21%
-0.33

25%
-0.51

36%
-0.33

SD

0.26

0.31

0.29

0.43

0.24

CV

70%

87%

88%

85%

71%

mean

-0.33

-0.32

-0.32

-0.36

-0.31

SD

0.13

0.16

0.13

0.20

0.13

CV

39%

50%

40%

55%

43%

The results indicated that the DN1/wave V amplitude was approximately similar across
channels. No significant differences were found for the DN1/wave V amplitude across
sessions for each channel (p>0.05), however the variability across individuals was higher
during the short inter-session interval. This variability reduced in the following week and
approached the value of the initial recording.
The smallest CV across subjects was measured for the responses collected from channel
C7, suggesting that the responses of this channel resulted in DN1 amplitude with more
reliability across subjects compared to the other electrodes.
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2.3.5

The DN1, but not the DP1, remained consistent across test
sessions

Considering that the greatest magnitude of the wave V amplitude was recorded from
channel C7, further analyses were conducted for the responses from channel C7. The
DN1 amplitude in all but one recording from this channel met the acceptance criterion.
The outlier waveform was excluded from the average data of the medium inter-session
interval (test session 4).
Figures 2.11-A and 2.11-B illustrate the derived BIC waveform of channel C7 in 4 test
sessions for two groups of listeners. The two groups will be discussed further. The
waveforms of each column were arranged based on the order of recording while the top
blocks show the earliest and the bottom blocks show the latest measurements. The blocks
contain a dark green trace representing the average BIC of each group of participants in a
single recording session. The green patch illustrates 2 standard deviations around the
mean, and the blue curves indicate 95-percent confidence intervals of the mean. The DP1
and DN1 are marked by arrows, and the pre-stimulus time window is indicated by a gray
patch.
In 6 out of 13 subjects (46.15%) shown in Figure 2.12-A, the DP1 appeared in the initial
measurement (Figure 2.12-A-S1) and the follow-up session (Figure 2.12-A-S2), but was
flattened when the ABR was repeated within 24 hours (Figure 2.12-A-S3). The DN1 also
appeared wider than in the earlier two sessions. In the follow-up measurement after about
one week, the DP1 re-emerged dominantly in 3 subjects and partially in the other 3
subjects (Figure 2.12-A-S4). The DN1 width was recovered in the final session.
For the remaining 7 out of 13 subjects, both components of the BIC waveform (DP1 and
DN1) appeared in all four recording sessions (Figure 2.12-B). It has been assumed that
this morphological changes in the BIC are attributed to the individual variabilities. This
could be more assessed with a larger number of participants.
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Figure 2.12: The BIC morphology across 4 test sessions: S1: initial recording, S2: long
inter-session interval, S3: short inter-session interval, S4: medium intersession interval
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2.4 Discussion
The current study showed that the wave V amplitude depends on the electrode
configuration in a simultaneous recording from multiple locations on the head (Figure
2.6). A higher wave V amplitude was found when the elicited responses were recorded at
the midline when the recording electrode was placed on the neck in young adult listeners
with normal hearing. This result is consistent with earlier studies showing that the click
ABR threshold was slightly lower when the inverting electrode was placed on the neck
and in vertical electrode montage (Dzulkarnain, Wilson, Bradley, & Petoe, 2007; King &
Sininger, 1992). The vertical dipole orientation of the generators of the wave V could
explain this result (Starr & Squires, 1982).
Figure 2.6 and Table in Appendix 2 show that the larger wave V amplitude from the neck
electrode corresponds with a larger DN1 amplitude. The relation between wave V and
DN1 amplitudes is consistent with an earlier study that compared the BIC amplitude
elicited by 500 and 2000 Hz tone bursts and concluded that the 500 Hz stimulus that
evoked ABR with a higher wave V amplitude produced a higher BIC amplitude (Fowler
& Horn, 2012).
The larger DN1 amplitude from the neck electrode could be due to the similarity of the
wave V amplitude in both monaural recordings compared to the other electrode positions.
This similarity could be related to the position of the recording electrode relative to the
generators of wave V. Earlier studies have indicated that the generators of the wave V are
essentially in the contralateral brainstem relative to the stimulus ear (Yao, Qiao, Li, Liu,
Wu, Deng, Wang, Chen, Tong , Liu , Yang, & Xu, 2013). Therefore, when the recorded
electrode is placed on the side ipsilateral to the stimulus, a smaller wave V amplitude
would be recorded compared to the contralateral side. However, an equal contribution of
the monaural stimuli will be recorded by the midline electrode. The numerical values of
the recordings in the current study shown in Appendix 2 also are consistent with the
above article. Therefore, the higher amplitude of the parent ABR resulted in producing a
BIC waveform with a high amplitude. This result was achieved by a simultaneous
recording from multiple locations on the head in every individual. The higher SNR at the
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C7 electrode during the measurements suggest that the BIC calculated from the
measurements at this site, have a better visualization that the other channels.
The SNR and RN values represent the replicability of the responses. The SNR and RN
were consistent across recording channels (Figures 2.8 and 2.9), suggesting that the
electrode configuration had a negligible effect on the quality of the ABR recording.
These results indicate similar quality of measurements across recording channels and rule
out the relationship between the high ABR and DN1 amplitude with the SNR and RN
values. We found a larger but not significant SNR for C7 electrode than for the remaining
electrodes. The findings, however, are in contrast with studies on infants that showed a
smaller SNR for C7 electrode than for the mastoid electrode despite a larger wave V
amplitude for C7 electrode (Sininger, Cone-Wesson, Folsom, Gorga, Vohr, Widen,
Ekelid, & Norton , 2000). The authors explained that the small SNR for the infant could
be attributed to transference of the cardiac noise from the torso. Additionally, accurate
positioning C7 electrode for infants in contrast to adults could be challenging due to
difficulty in positioning the head and neck. However, in our study cohort, the C7 vertebra
could be clearly identified by the specific head maneuver allowing us to easily set the
electrode montage consistently in every session.
Furthermore, in the current study, the ABR was measured by averaging a large number of
sweeps to improve the SNR for each condition. It is worth noting that increasing the
number of sweeps only reduces the noise component of the SNR rather than increasing
the signal power (Özdamar & Delgado, 1996). In fact, signal power could be controlled
by stimulus parameters (such as bandpass filter and stimulus level) and the electrode
montage. Combination of these procedures could result in better identification of the
evoked potentials.
The temporal specifications (latency) of both wave V and the BIC remained consistent
across recording positions (Figures 2.6 and Appendix 1). No effect of the electrode
montage was observed on the wave latency. This finding agrees with the study by (Riedel
& Kollmeier, 2002a) who found a similar DN1 latency across four recording channels
using a click stimulus. A consistent latency across channels also is expected, although the
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DN1 latency across individuals could be affected by the head dimensions and the size of
the anatomical structure, as was reviewed by (Laumen et al., 2016b) rather than the
recording parameters.
Test-retest reliability of the ABR BIC could be a prominent diagnostic element when
monitoring recovery from hearing loss is considered. Figure 2.6 indicated betweensubject variability in wave V and the DN1 amplitude when the measurements were
repeated. In an earlier study, (Ferber et al., 2016) reported between-session variability of
the ABR BIC for a group of guinea pigs. However, no information regarding the intersession intervals was provided in their article. The findings of the current study indicate
that the longer inter-session interval resulted in less variability in the calculated DN1
amplitude. The interval between the recording sessions could be considered an effective
factor for assessing the test-retest reliability when a repetitive stimulation is applied.
Studies on animals and human have indicated that the repetitive sensory stimulation
could produce neural plasticity known as long-term potentiation that may last for at least
1 hour in humans and at least 5 hours in animals (Clapp et al., 2005). The shorter duration
in humans was due to practical limitations. In the current study, we repeated the ABR
measurement after about 14 hours and found that the variability of the BIC responses
increased with repetitive acoustic stimulation and lasted for at least one week.
Attempts at producing this plasticity in animals at the brainstem, midbrain and cortex
have been done by using electrical stimulation, and indicate induced LTP which lasts
between 1 hour to months depending on the stimulus parameters and the place of
stimulation on the brain (Abraham, 2003). LTP could be also induced by visual and
acoustic stimulation (Clapp et al., 2005). The induced LTP in humans was shown by
increasing the amplitude of the event related potentials (ERP) to a Tetanic stimulus which
is a train of auditory stimuli that lasted for at least one hour (Lei et al., 2017). The LTP
was induced in the MNTB neurons in the brainstem of immature gerbils by presenting the
continuous acoustic stimuli for 1 hour; the inhibitory synapses of the MNTB on to the
LSO showed long-term potentiation (iLTP). Ongoing investigations strive to determine
the molecular and neurological mechanisms of the LTP and LTD, and to optimize the
stimulus parameters toward utilizing this technique as an intervention for the neurological
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disorders. Some suggestions have been provided to apply various techniques to achieve
this goal, such as direct current stimulation (DCS), vagal nerve stimulation (VNS),
repetitive transcranial magnetic stimulation (rTMS) (Bliss & Cooke, 2011). Perhaps
using this technique could be applied as a training strategy after restoring normal hearing
in temporary hearing loss.
The variabilities that were shown in the current study were associated with the calculated
DN1, rather than the parent ABR. Therefore, whether the changes that occurred in the
DN1 waveform are attributable to LTP requires future analysis of the parent ABR.
Additionally, a click stimulus may provide a better opportunity for this assessment than a
chirp since earlier ABR peaks elicited by a click allow assessment of the responses of the
caudal brainstem. Meanwhile, recording the auditory evoked cortical responses could be
considered as a potential for assessing the acoustic-induced LTP.
The alteration in the DN1 peak during the third session with a short interval occurred in
half of the participants, suggesting that the individual variabilities may also contribute to
this variation.
Overall, the findings of this study suggest that the auditory brainstem binaural interaction
components are measurable with a higher amplitude from the midline electrode montage
compared to the electrodes on one side of the head. The responses are obtained with a
high level of test-retest reliability when sufficient inter-session interval (more th an one
week) is applied.
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Chapter 3

3

Experiment II: Measuring binaural hearing abilities of
adult listeners with acquired unilateral conductive
hearing loss

3.1 Introduction and motivation
As was explained in Chapter 1, binaural hearing provides the advantage of spatial hearing
to the listeners. While normal hearing sensitivity results in stereophonic hearing,
unilateral acoustic deprivation restricts both reception and perception of arriving sounds.
Subsequently, the listeners' awareness regarding the location of a sound source and
orienting toward the sound of interest is compromised. Long-term effects of these
communication challenges may alter the individuals’ quality of life.
The effects of unilateral hearing loss on the behavioral and neurological system are agedependent. When unilateral hearing loss is experienced during development, it could
produce life-long plasticity in the neural system, and its restoration is time-sensitive.
Wilmington and collegues (1994) showed that binaural hearing abilities of patients with
unilateral aural atresia (age 6 to 33 years old) improved after opening the ear, but did not
reach the normal level in all patients. On the other hand, consequences of unilateral
hearing loss during adulthood may have a different representation due to the earlier sound
exposure.
Degraded binaural hearing ability following unilateral hearing loss remains undiagnosed
during the regular audiological assessments. When unilateral hearing loss is caused by a
conductive component, the sensorineural system is assumed to be normal. However,
studies on animals and human have revealed that sensory deprivation due to lack of
sufficient input induces neural plasticity and subsequently influences binaural processing.
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Such studies have included inducing unilateral conductive hearing loss (UCHL) in
animals by non-invasive methods such as occluding one ear with putty or earplug, and
invasive approaches such as surgically occluding the ear canal or ossicular disruption.
Measurements of the changes in binaural hearing behaviors, neurological, and
histological structures were scheduled for up to a few weeks of the perturbation
(Kacelnik et al., 2006). Among these methods, the only approach that has been applied in
studies with humans has been wearing an earplug for 7 days (e.g. Kumpik, Kacelnik, &
King, 2010) to 49 days (Van Wanrooij, & Van Opstal, 2005).
One limitation of these studies is associated with the acute initiation of the UCHL instead
of gradual progression, which more commonly happens during ear diseases. Another
limitation is related to the duration of the study that is disproportionate with the duration
of UCHL due to an ear disease. Therefore, studies that consist of participants with UCHL
for a certain amount of time are of practical advantage and provide a typical
representation of binaural hearing challenges with asymmetrical auditory inputs.
For example, patients with unilateral otosclerosis exhibit poor ability to detect a signal in
noise when presented with an equal sound pressure level (Hall, Grose, & Pillsbury,
1990), suggesting an abnormal hearing in noise ability when there is no amplification for
the poor hearing ear.
In another study, ABR measurements of patients with UCHL indicated prolonged
absolute latency of waves III and V and interwave latency I-V (Ferguson et al., 1998).
The authors denied the effect of the stimulus level for this result; rather they proposed
other reasons such as attenuation in the neural population, decrease in synaptic efficacy,
and asynchronous activity along the neural pathway of the auditory brainstem caused by
the unilateral hearing deprivation (assumed to be purely conductive).
To the best of our knowledge, the present study is the first that examines binaural hearing
skills of the listeners with acquired unilateral conductive hearing loss via multiple
experiments. The objective of this study was to assess the spatial hearing abilities of a
mature auditory system in the presence of asymmetrical acoustic inputs due to a
reversible late-onset unilateral hearing loss.
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Therefore, the following question motivated us to conduct the current experiment:
-

Does late-onset unilateral hearing loss during adulthood that is reflected as a
conductive component on a standard audiogram affect binaural hearing skills?
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3.2 Methodology
Two groups of experiments were designed for this study. The first group included
experiments that were completed in a sound-field condition, and the second group of
experiments was completed using earphones. Table 3.1, summarizes the test conditions,
type and level of stimuli and the binaural difference cues (ILD, ITD) that were available
for the participants.

Table 3.1: Experiment conditions
Test
condition

Assessments

Test level

Binaural cues (input)
ILD

Sound
localization
Sound
field

Insert
earphones

Stimulus
NBN, WBN
- Short-duration
- Long-duration
- Head fixed
- Head rotation

ITD

20 dB SL
(worse ear)

Zero, non-zero

Zero, non-zero

Spatial release
from masking

Speech in BBN

Adaptive
(65dB SPL noise)

Zero, non-zero

Zero, non-zero

ITD
discrimination

NBN

40 dB SL

Centred image

Non-zero

Binaural
summation

Speech in quiet

Equal SPL

Non-zero
(ABG)

Zero

ABR-BIC

Chirps

40 dB SL

Centred image

Zero

WBN: wideband noise
NBN: narrowband noise
BBN: broadband noise
ABG: air-bone gap
ABR-BIC: auditory brainstem response binaural interaction component

Each group of experiments included two behavioral assessments from which one was
conducted with speech stimuli and the other one with non-speech stimuli. The speech
stimuli can represent real life stimuli and the non-speech stimuli can be adjusted to
include a specific frequency range to address a specific aim of the study, such as the lowfrequency stimuli used for assessing the ITD discrimination threshold. An objective
assessment was also conducted via insert earphones during which the auditory brainstem
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responses were recorded to measure the binaural interaction component. The results of
the participants with UCHL were compared with those obtained from a control group of
participants with normal hearing.

3.2.1

Participants

Potential candidates with acquired unilateral conductive hearing loss (UCHL) were
invited by a written letter. The invited candidates included 35 patients who were
registered at the University Hospital (UH), London, Ontario, for a corrective surgery due
to otosclerosis, 9 clients from the database of the H.A. Leeper Speech and Hearing clinic
in Elborn College, the University of Western Ontario, based on their most recent
audiogram, and 7 former research participants from the National Centre for Audiology
(NCA) research database in the University of Western Ontario. The clinic clients and the
former research participants had consented to future contact. Following the invitation, 11
individuals (6 females, 5 males) consented to participate in the study (21.6% of the total
potential candidates). They ranged in age between 43 to 68 years old.
The control group with normal-hearing listeners was recruited among the students and
staff who made contact upon reading the study advertisement that was posted on the
university campus. Former research participants who were in the NCA research database
and who had consented for future contacts were among the invitees. A total of 118
individuals with the majority age range of 20 to 30 years old volunteered for
participation. However, to include a wide age range in this study, 38 adults (30 females, 8
males) were recruited and their age range was between 21 to 71 years old.
The participants were assigned a unique participation code in a chronological order that
was correlated to their participation time. The potential participants for the study group
had at maximum moderately-severe UCHL between 500 to 4000 Hz in the poor hearing
ear and no worse than 25 dB HL hearing threshold in the better hearing ear. The patient
recruitment from UH was modest due to the inconvenience to the potential candidates of
commuting from a long distance. Therefore, the outcomes of this study are presented in
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the form of case-series reports (Morgan & Morgan, 2009), and the results are compared
with the averaged data from the control group.
All eligible participants signed a consent form with detailed information that explained
the procedure and they were paid for their participation. The study was completed by
each participant in one day or was split in half upon their request. Demographic
information for the study group is shown in Table 3.2. The first 6 participants shown in
the Table, had a higher level of hearing loss compared to the other 5 people with slight to
mild UCHL. Cursory otoscopic examination was unremarkable for all participants of the
study.
The recruitment criteria for the UCHL group were focused on pathologies that produced
late-onset hearing loss. In this regard, from the 11 participants with UCHL, 9 people had
otosclerosis, 1 participant had a history of ear infection in adulthood, and 1 participant
assumed that the hearing loss occurred at the workplace. A pre-operative appointment
was scheduled for the participants from UH within one month of their scheduled
stapedotomy surgery. Six participants had hearing loss in the left ear. Three people were
hearing aid users. All but four participants were right-handed. From the four left-handed
participants, one was from the control group and three from the study group from which 2
individuals had the hearing-impaired ear on the same side of the dominant hand.
During the recruitment process, individuals with long-standing hearing loss with
childhood-onset were excluded. Balance disorder, dizziness, and difficulties in standing
or flexibility of the neck or back that might make it difficult to turn the head and body to
orient toward a sound source were also among the exclusion criteria. Individuals with
background neurological diseases were not included in the study.
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ID

Gender

Reference

Age
(yr)

Etiology

Poor
ear

Handedness

Duration of
unilateral
hearing loss

Conductive
component
(0.5 to 4kHz)

Hearing/ear status

Duration of
hearing aid
use
Never

L206

f

UH

51.5

Otosclerosis

L

R

<1 year

Severe to
moderately severe

Had normal bilateral hearing
after stapes surgery for 8 years
before Left prosthesis failure

L231

f

UH

58.3

Otosclerosis

L

L

<1 year

Moderate

25 years of bilateral otosclerosissequential stapedotomy

L229

f

UH

50.0

Otosclerosis

L

R

~1.5 years

Moderately severe
to mild

Sequential onset after
stapedotomy in the right ear

L218

m

UH

46.9

Otosclerosis

R

R

1.5 years

Severe to
moderately severe

15 years of bilateral otosclerosissequential stapedotomy

Never

L194

m

UH

68.0

Otosclerosis

L

R

8 years

Moderately severe
to severe

Unilateral otosclerosis

In the past 5
years

L183

m

UH

68.6

Otosclerosis

R

L

>10 years

Moderately severe
to severe

Unilateral otosclerosis

Never

L192

f

NCA
database

58.1

Otosclerosis

L

R

4 years

Mild to normal

Unilateral otosclerosis for 19
years- stapedotomy 4 years ago

Never

L219

f

NCA
database

66.8

Otosclerosis

R

R

8 years

Mild

L225

f

H.A. Leeper
Clinic

68.1

Otosclerosis

R

R

>20 years

Mild to normal

L188

m

H.A. Leeper
Clinic

47.6

Unknown?

R

R

5 years

Mild

Tinnitus is more bothersome
than hearing loss

Never

L185

m

H.A. Leeper
Clinic

43.6

ear infection
(hx tube)

L

L

10 years

Slight

History of a myringotomy tube

Never

Table 3.2: Demographic information of the study group

Unilateral otosclerosis for 2
years- stapedotomy 8 years
before this study
Unilateral otosclerosis- Not
identified as a candidate for
stapedotomy

In the past 8
years & after
the 1st surgery
In the past 6
months

Never

Never
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3.2.2

Hearing threshold measurements

Hearing thresholds were measured in a double-walled 2.60 × 2.30 ×1.80 m sound-treated
booth. The participants were seated in front of a double glass window facing the
examiner. A computer monitor faced the participants for the follow-up experiments.
Pure-tone audiometry was completed on a Grason-Stadler audiometer (GSI-61,
Minnesota, MN). Air conduction thresholds were measured using insert earphones
(Etymotic ER-3A; Etymotic Research Inc., Chicago, Illinois). Bone conduction
thresholds were measured using a RadioEar B-71 bone vibrator that was placed on the
mastoid bone. Participants were instructed to press a response button upon hearing the
stimulus. Hearing thresholds to the pulsed stimuli were obtained using a descending
bracketing method.
The criteria for normal hearing (for the control group) were defined as hearing thresholds
up to 25 dB HL across audiometric frequencies (250 to 8000 Hz including mid octave
frequencies) and an air-bone gap no greater than 10 dB for each frequency. Between-ear
threshold difference was required to be 10 dB or less as an indication of symmetrical
hearing.

3.2.3

Sound localization

Test room and equipment: Sound localization experiments took place in a 5.5 × 7 × 3.7 m
hemi-anechoic chamber. An array of 16 loudspeakers (A’DIVA, Anthony Gallo
Acoustics, U.K.) was arranged at the centre of the chamber along a 1.45-m radius
horizontal circle on individual floor stands. The loudspeakers were equally spaced by
22.5 degrees, and the participants were asked to stand on a height-adjustable platform
positioned at the centre of the loudspeaker array. The height of the platform was adjusted
such that the loudspeakers aligned with the ear level of each participant. A schematic
floorplan of the anechoic chamber is shown in Figure 3.1.
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Figure 3.1: Schematic floorplan of the hemi-anechoic chamber and the position of the
listener at the centre of the loudspeakers’ array.

The main control computer and playback system were placed outside of the chamber. The
stimuli were created using a MATLAB (MathWork Inc. C.A.) software and were
delivered to an RX6 multifunction signal processor. The processor’s output was routed
via a Sierra Video Yosemite 128128A crosspoint audio switcher to a bank of 8 power
amplifiers (QSC CX168), each of which had 8 outputs that were routed to the
loudspeakers. The frequency response of the loudspeakers was equalized to achieve a flat
frequency response (18 kHz upper-frequency cutoff).
The output of the loudspeakers was calibrated using white noise and was measured by a
Brüel & Kjær sound level meter type 2250 on the Z-weighted setting. The microphone of
the sound level meter (B&K 4189) was connected to an extension cable and was mounted
on a floor stand at the same height of the loudspeakers at the centre of the array where the
listeners’ position was located. During the calibration process and throughout the
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experiment, the floor of the anechoic chamber was covered with foam sheets to reduce
reflection from the floor.
The participants completed the experiments in the lighted chamber. A camera and a
microphone were used to monitor, but not record, the participants in the chamber during
the experiment.
To ensure binaural audibility of the stimuli, before starting the experiments, the sound
level was adjusted based on the hearing threshold of each participant. The hearing
threshold was measured in an ascending mode by bandpass filtered noise with a
bandwidth of 250 to 8000 Hz and 200-ms duration that was presented from a loudspeaker
at 90 degree azimuth while the listener was wearing an earplug in the ipsilateral ear and a
pair of earmuffs that covered the ipsilateral ear. The procedure was repeated for the
opposite ear while the stimulus was presented from -90 degrees. The stimulus level for
the experiment was set at 20 dB sensation level (SL) of the poorer ear.
To enable the computer to identify the orientation of the head during the sound
localization experiments, the participants wore the sensor of a head tracking device
(Polhemus FASTRAK) on their head. A red light-emitting diode (LED) was mounted on
top of the head tracker and assisted the participants to orient their head toward the target
loudspeaker. The participants were given a handheld response box with two buttons.
They were instructed to orient their head to a reference position (0˚ azimuth) at the
beginning of each trial and to turn toward the target loudspeaker upon hearing the sound
and then to press both buttons on the response box. The buttons triggered the software to
record the orientation of the head relative to the reference loudspeaker, and the
participant was cued to return to the original position by either a brief noise burst or
blinks of an LED light on the loudspeakers. No feedback was given to the participants for
their responses. All participants were provided with written instructions. A short practice
trial was conducted at the beginning to familiarize the participants with the procedure.
The practice trials were not included in the analysis.
Experiment and Stimuli: The experiment included two general tasks, each of which had
two sub-tasks, and all tasks used non-speech stimuli. From all four tasks, the first two
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aimed to determine the effect of stimulus duration on the localization ability of the
participants with UCHL. Both tasks included presentation of broadband noise (250 to
8000 Hz). Two blocks of 48 trials were completed, during which each loudspeaker
presented the stimuli 3 times in a random order for a total of 48 trials. One block included
presentation of long-duration (unlimited) stimuli and the other one included shortduration (200 ms) stimuli. The long-duration stimuli were gated on and were presented
continuously until the listener located the target and pressed the response button.
The remaining two tasks aimed to determine the benefit of small head rotation on
front/rear localization of the participants with UCHL. As was discussed in Chapter 1,
Section 1.2.3, the fundamental factors for sound localization in a stationary condition are
interaural difference cues (Pöntynen & Salminen, 2019). However, static binaural
difference cues, including interaural level difference (ILD) and interaural time difference
(ITD) do not help the listener to locate the sound sources in front and back directions.
Earlier experiments in our laboratory introduced the head-sweep method by which the
listeners can achieve a significant benefit of small head rotation to resolve the front/rear
ambiguity in sound localization (Macpherson, 2013). Therefore, this task was conducted
to assess the benefit of dynamic binaural difference cues for sound localization by
individuals with UCHL. This task included sound localization in the head-fixed mode
and the head-sweep mode. For the head-sweep mode, we asked the participants to rotate
their head continuously between ±45 degrees azimuth with a consistently slow velocity of
approximately 50 deg/sec. Demonstration and practice were conducted. The trial began
when the head was at 45 degrees in one side (Figure 3.2). The head tracker was
monitoring the head position continuously. We defined three spatial windows of 10, 20,
and 40 degrees. The stimulus was gated on when the head entered to the defined spatial
window and stopped when the head exited from the defined spatial window. The defined
spatial windows corresponded to stimulus presentations with approximate durations of
200, 400, and 800 ms.
Following each presentation, the listener indicated the direction of the sound source to be
either at the front or the rear. The front button on the response box recorded the front
responses and the back button recorded rear responses. Two acoustic filters were used for
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this task, including wideband noise (500 to 16000 Hz) and narrowband noise (500 to
1000 Hz). Each run contained 72 trials to include 3 spatial windows from 6 sources in
front and rear and 2 filters.
For the fixed-head mode, the stimuli were randomly presented from the front or rear
while the listener kept the head still at 0 degree azimuth.

Figure 3.2: Diagram of the head rotation task. The trial started when the head turned to
45 degrees on either side (e.g., A). The head tracker monitored the head position
continuously. When the head entered the defined spatial window, the stimulus was gated
on (B), and when the head exited the defined spatial window, the stimulus was gated off
(C). The listener continued head turn to the 45 degrees (D). The spatial window was
selected randomly by the software between 10, 20, and 40 degrees. The direction of the
sound could be from the front hemifield or rear hemifield. The participants continuously
rotated their head between ±45 degrees azimuth throughout the experiment. The graphic
was provided by Devin Kerr and initially appeared in the thesis of Birtch, (2012).
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3.2.4

Spatial release from masking (SRM)

Test room and equipment: SRM was tested by implementing the Hearing-In-Noise Test
(HINT) in a 3 × 2.80 × 2 m double-walled sound-treated booth with a double-glass
window. The schematic floorplan of the booth is shown in Figure 3.3. The participants
were seated on a chair in the centre of the booth in front of the double-glass window
facing the examiner on the other side of the window. This experiment was conducted in a
sound field setting. The experiment required four loudspeakers (A’DIVA, Anthony Gallo
Acoustics, U.K., 5-inch diameter, 8-ohm, frequency response of 76 Hz to 20 kHz) from
which two were facing the participant at 0° azimuth and the other two, were placed on
each side of the listener facing the ears at ±90˚ azimuth. The loudspeakers were
positioned on floor stands, and their height was adjusted to be at the participants’ ear
level with a one-meter distance relative to the centre of the head.

Figure 3.3: Schematic floorplan of the sound-treated booth for the HINT test
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Stimuli and experiment: One of the two front loudspeakers was placed on top and aligned
with the other one. The top loudspeaker was set to present the speech, and the remaining
loudspeakers were set to present speech-shaped noise, one at a time in 3 conditions:
collocated condition (noise and speech from the front), spatially separate conditions
(speech from the front and noise from the right side, speech from the front and noise from
the left side). Each condition was completed in 2 runs, and each run included 20
sentences for a total of 120 sentences per participant that was completed in about 5
minutes per condition. The list of the sentences in each run were selected among the 25
lists of the HINT sentences (Nilsson et al., 1994). The order of the conditions was
selected randomly for each participant. The participants were instructed to keep their
head at 0° azimuth during all conditions.
The output of each loudspeaker was calibrated using a 65 dB SPL broadband noise before
every appointment. A Type 2 sound level meter was set to an A-weighted filter in a fast
measurement mode to measure the output of the loudspeakers at the position of the
listener, and the adjustments were applied using the calibration module of the software
until the intended output was achieved.
Custom-made software was used for this experiment. The HINT experiment was
implemented using recorded sentences from a male speaker that were presented in the
presence of broadband noise. The speech stimuli were routed from the soundcard of the
computer to an Echo AudioFire12 audio interface. The output of each loudspeaker was
controlled by a separate PA5 programmable attenuator (Tucker Davis Technologies)
following by increasing the gain via a QSC CX168 amplifier. All devices except the
loudspeakers were positioned outside of the test room.
The participants were instructed to listen to the speech and repeat the sentences. A new
list of sentences was used for each run such that no sentences were presented more than
once to each participant. The run started with a 5-second background noise before the
speech started. The sentences appeared on a computer monitor that was visible to the
examiner to support scoring. All words had to be repeated correctly to be considered as
correct. When the examiner clicked on the Correct button, the succeeding sentence was
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presented at a softer level. The noise level in all conditions remained constant at 65
dB(A), and the speech signal level was adjusted by an adaptive method upon click on the
Correct/Incorrect button.
The first sentence was presented at a signal-to-noise ratio (SNR) of -10 dB. At the end of
each run, the HINT software reported the SNR indicating how intense the sentence
needed to be compared to the competing noise so that the participant could correctly
repeat the sentences 50% of the time. The level of the speech sound was adapted
throughout the test to the correct/incorrect response. The bracketing started with steps of
4 dB for the first 4 responses and decreased to 2 dB throughout the remaining sentences.
The maximum available SNR was +30 dB.

3.2.5

Interaural time difference (ITD) discrimination threshold

The Left-Right discrimination task was applied to determine the threshold of interaural
time difference (ITD) discrimination. The experiment took place in the same soundbooth
that was explained in section 3.2.2, where the audiometry was completed. The sound
generators were all set outside of the soundbooth.
A dichotic bandpass noise stimulus with a cutoff frequency of 100 to 1000 Hz and a
sampling rate of 44100 Hz was generated with MATLAB software. The stimulus was
routed to two PA5 programmable attenuators (Tucker-Davis Technologies) and was
driven to the external stimulus ports of the Grason-Stadler audiometer (GSI-61) to be
presented to the listener through insert earphones (Etymotic ER-2A; Etymotic Research
Inc., Chicago, Illinois). The stimulus generated by MATLAB software was amplified by
20 dB via a TDT MA3 stereo microphone amplifier before routing to the attenuator.
Further fine-tuning for stimulus calibration was applied via the external (Ext.)
potentiometer of the audiometer.
The output of the insert earphones was calibrated before each appointment. The same
stimulus as the experiment with a 15-second duration was used for the calibration, and
the output was measured via a Brüel & Kjær sound level meter type 2250 with B&K
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4134 microphone in a 711 coupler. This process was completed for the right and left
transducers individually.
The experimental stimulus was presented symmetrically at the level of 40 dB SL with a
zero interaural level difference (ILD). The average hearing thresholds of 4 audiometric
frequencies (250, 500, 750, and 1000 Hz) was considered to calculate the pure tone
average before setting the presentation level for this experiment. When testing the
participants with UCHL, an additional step was required to adjust the levels before
starting the experiment. During this stage, a fixed zero ITD was applied for a pair of the
noise bursts, and the participants were asked to indicate whether the sounds were
lateralized to one side or were perceived in the centre of the head. This procedure allowed
us to adjust the levels to obtain a centred image and ensure that the responses were not
affected by the lateralized stimulus due to asymmetrical levels.
Following the presentation level adjustment, two dichotic noise bursts with 500 ms
duration, and an inter-stimulus interval of 500 ms were presented to the ears. The first
dichotic noise burst had an ITD leading in one ear, randomly selected by the software.
The leading ear in the second dichotic noise bursts was opposite to that of the first.
Therefore, the sound was perceived to move from one side of the head to the opposite
side of the head. The participants were asked to listen to each pair of dichotic noise bursts
and decide whether the second sound was to the left or to the right of the first sound (i.e.
did the sound moved from right-to-LEFT or from left-to-RIGHT). The schematic
procedure is shown the Figure 3.4.
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Figure 3.4: Stimulus setup for measuring the detection threshold of lateralized stimuli
with a defined interaural time difference (ITD). Source: Macpherson E.A. presentation

The experiment was implemented using a two-alternative forced-choice (2AFC) task,
where the participant selected the direction of motion of the sound on a computer screen
shown in Figure 3.5.

Figure 3.5: Computer screen for responses to the Left-Right discrimination experiment
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In the 2AFC task, a comparative judgment is required by the listener. The participants
were instructed via a written note to click on the “L” button if the second sound was
farther to the LEFT, or on the “R” button if it was farther to the RIGHT. They were also
informed to guess if the paired stimuli sounded in the same place or they could not tell
which way they moved. The response button flashed GREEN if they were correct or
RED if they were not, which provided feedback throughout the task.
The ITD discrimination threshold was determined using the two down-one up procedure,
which was explained in Chapter 1, Section 1.2.1.3. This procedure required observation
of a sequence of Up and Down responses for estimating the final result.
Figure 3.6 illustrates an example of this adaptive procedure for one participant. As shown
in the Figure, the experiment began with a large stimulus leading of 800 μs (change of
ITD between intervals = 800 × 2 = 1600 μs). This large value enabled listeners to make a
quick and easy decision at the beginning of the experiment. The step size for increasing
or decreasing the lagged stimulus was a factor, such that to decrease the next trial, the
lagged time was divided by √2 and for increasing the following trial, the lagged time was
multiplied by √2. The changes in the stimulus ITD in the opposite direction were called
reversals. The reversals are marked with arrows on Figure 3.6. The adaptive procedure
continued up to 10 reversals and stopped when 10 reversals were obtained. The first 4
reversals were discarded, and the threshold was calculated by averaging the ITD values
of the final 6 reversals. These final reversals are marked with asterisks in Figure 3.6.
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Figure 3.6: An example of the adaptive procedure for one participant to determine the
ITD discrimination threshold. Arrows show 10 reversals. Asterisks show the 6 reversals
that were averaged to indicate the ITD/2 for this run.

3.2.6

Binaural loudness summation

This experiment was conducted in the same soundbooth where the audiometry was
completed. Binaural loudness summation was tested based on the loudness growth
function across the hearing level for each individual. The Contour Test of Loudness
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Perception (Cox et al., 1997) was administered for this experiment via custom software.
Some modifications were applied to this software to meet the aim of the current study.
First, the software was modified to present the monaural and bilateral sounds through
insert earphones. The ER-2 insert earphones (Etymotic ER-2A; Etymotic Research Inc.,
Chicago, Illinois) were selected over the ER-3 insert earphones for this experiment to
maintain the quality of the speech stimuli at high presentation levels. This specification of
the ER2 insert earphones has been described by the manufacturer in the specification
sheet such that the maximum useful output could be up to 110 dB HL and the undistorted
sound could be presented as loud as 105 dB within the speech frequency range.
The loudness perception included an 8-point rating scale (0 = Do not hear it, 1 = Very
soft, 2 = Soft, 3 = Comfortable, but slightly soft, 4 = Comfortable, 5 = Comfortable, but
slightly loud, 6 = Loud, but Ok, 7 = Uncomfortably loud). The rating scale and
corresponding response interface are shown in Figure 3.7.
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Figure 3.7: The response rating scale for rating loudness growth.

Second, the range of the potential presentation for the sound level was defined between 0
to 100 dB SPL with 5 dB intervals. The test started in an ascending mode from 0 dB SPL
and was reversed automatically at 100 dB SPL or as soon as Uncomfortably loud was
selected, whichever happened first (Jenstad et al., 1997). This modification was applied
to meet the potential audibility of sound for both normal-hearing listeners and
participants with UCHL.
Third, the test material for this evaluation was selected from the Rainbow Passage
(Fairbanks, 1960), to be suitable for adults. The passage includes 19 sentences. The
longest sentence of the passage was divided into 3 short parts. The 18 sentences in
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addition to the 3 phrases were recorded in 21 individual .WAV files. The sound files
were duplicated to produce 42 separate files and were randomized.
The test order remained consistent for people with UCHL starting from the good hearing
ear and ended with bilateral hearing. The test order for the control group was arranged by
a random monaural followed by the binaural condition.
Speech material was used for this assessment since earlier studies showed that recorded
speech has a steady vocal effort and results in a gradual perception of loudness growth
compared to a noise signal or pure tone (Epstein & Florentine, 2012).
The stimulus was routed from the desktop PC audio output to a PA5 programmable
attenuator (Tucker-Davis Technologies) and was driven to the external stimulus port of
the Grason-Stadler audiometer (GSI-61) to be presented to the listener through insert
earphones. The recorded stimuli were amplified by 20 dB via MA3 stereo microphone
amplifier before routing to the attenuator. Further fine-tuning for stimulus calibration was
applied via external (Ext.) potentiometer of the audiometer.
The output of the transducers was measured and calibrated via a Brüel & Kjær sound
level meter type 2250 with B&K 4134 microphone in a 711 coupler. The output of the
stimulus was adjusted to be at 60 dB SPL for a wideband noise stimulus that was built in
the calibration module of the Contour Test software. This process was completed for the
right and left transducers individually and before each appointment.
Written instructions were provided to the participants. The rating scale (Figure 3.7) was
shown on the computer monitor in front of the participants in the soundbooth, and they
were instructed to click on the rating that represented their loudness perception for each
stimulus.
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3.2.7

Auditory Brainstem Response Binaural Interaction
Component (ABR-BIC)

Auditory brainstem responses were measured in the same soundbooth that was explained
in Chapter 2, Section 2.2.2. The room setup, participants’ position, stimulus, and
recordings were described in Experiment I. Briefly, the measurements were conducted
while the participants were laying on a bed in a semi-dark room. The experiment was
conducted using the IHS Smart EP (Intelligent Hearing Systems Corporation, Miami, FL)
and 8-channel transmitter (Opti-Amp 8008). Shielded ER-2 insert earphones were
connected to a Universal Smart Box (USB) via a Sound Output Booster Box to ensure
adequate output levels. The recording laptop and the Opti-Amp 8008 were inside the
booth, and the remaining parts of the recording system were placed outside the booth.
The laptop was unplugged, and the dimmer light of the soundbooth was turned off during
the measurements.
Gold disc electrodes (Natus neurology, CA, USA) were placed on the surface of the
scalp. Inverting electrodes (-) were placed on the left and right earlobes (A1 and A2), the
left and right parieto-occipital region (PO9 and PO10), and the seventh cervical vertebra
(C7), referenced to a common electrode that was placed on the middle of the head (Cz) as
a non-inverting electrode (+). The ground electrode was placed on the forehead (Fpz).
The impedance between the electrodes and skin remained <5 kΩ for all electrodes and
every recording session.
Broadband rising A-Chirps stimuli (Fobel & Dau, 2004) were used in this study for
eliciting the ABRs. The chirp stimulus was presented through ER-2 transducers. The
level of the presentation was set at 40 dB SL and was adjusted if the listener reported that
the bilateral sound was lateralized to one side. The level adjustment was completed by
bracketing in 5 dB steps to produce centered image for the bilateral presentation.
The insert earphones and the chirp stimulus were calibrated using the calibration module
of the IHS system. The output of the transducers was measured via a Brüel & Kjær sound
level meter type 2250 with B&K 4134 microphone in a 711 coupler.
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The ABRs were collected monaurally and binaurally in a random order for each
participant. Two independent trials for each condition were stored in separate buffers.
Each trial consisted of 4000 averages that were delivered at a rate of 9.9 Hz yielding a
total time of about 7 minutes per trial. Therefore, an average of 8000 sweeps of each
condition was collected for calculating the BIC.
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3.3 Results
3.3.1

Hearing threshold measurements

Air and bone conduction thresholds for the control group were consistent with the
defined range for normal hearing bilaterally. Figure 3.8 shows mean ± SD of the hearing
thresholds across audiometric frequencies for the control group (n=38). Red symbols
indicate the thresholds for the right ear and blue symbols indicate the thresholds for the
left ear. The air-bone gap was 10 dB or less, but the results of the bone conduction
audiometry are not shown on the plot.

Figure 3.8: Mean ± SD of the air-conduction hearing thresholds for the control group.

The hearing thresholds for the participants with UCHL who were candidates for
corrective middle ear surgery are shown individually in Figure 3.9. The hearing
thresholds were categorized as normal for 25 dB HL and lower, mild for 30 to 40 dB HL,
moderate for 45 to 55 dB HL, and moderately-severe for 60 to 70 dB HL. The conductive
component between 500 to 4000 Hz was shown to be approximately severe to moderately
severe (L206), moderate to moderately severe (L231), moderately severe rising to mild
(L229), severe rising to moderate to moderately severe (L218), moderately severe sloping
to severe (L194), and moderately severe to mild sloping to moderately severe (L183).
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The results for the UCHL group who did not require additional medical treatment are
shown in Figure 3.10. The conductive component between 500 to 4000 Hz was
approximately mild to normal (L192), mild (L219), mild to normal (L225), mild to slight
(L188), and slight to mild (L185). Air and bone conduction masking using narrowband
noise was applied when required. Red and blue symbols represent the thresholds for the
right and the left ears, respectively. Masked bone conduction thresholds for the poorer
hearing ears are shown with diamonds.

Figure 3.9: Hearing thresholds for the participants with UCHL before the stapes
surgery. Red and Blue symbols indicate the thresholds for the right and left ears,
respectively. Diamonds represent the masked bone conduction thresholds for the poorer
hearing ear. Participants’ research IDs are shown on each audiogram. Asterisks marked
three participants’ IDs who were hearing aid users (L231, L229, and L194).
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Figure 3.10: Hearing thresholds for the participants with UCHL with no further medical
intervention. Red and Blue symbols indicate the thresholds for the right and left ears,
respectively. Diamonds represent the masked bone conduction thresholds for the poor
hearing ear. Participants’ research IDs are shown on each audiogram.

3.3.2

Sound localization

Two general tasks were completed for this experiment. The first task aimed to indicate
the accuracy of lateral angle (left/right) sound localization in the horizontal plane, and
compared the performance of the participants between the right and left hemifields. The
second task aimed to assess the benefit of dynamic binaural difference cues in
overcoming front/rear confusion during sound localization.
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3.3.2.1

Task 1: Sound localization accuracy

Sound localization accuracy was tested using short-duration (200 ms) and long-duration
(listener-controlled) bandpass noise in two separate blocks of stimuli. The sound levels
that were adjusted for the control and study groups are shown in Table 3.3.
Table 3.3: Stimulus level for sound localization (dB SPL)
ID

Control
Mean
(SD)

L206

L231

L229

L218

L194

L183

L192

L219

L225

L188

L185

Intensity

52.30
(2.79)

80

80

70

70

70

75

70

70

65

65

65

Short-duration stimuli:
Figure 3.11 shows individual sound localization performance in lateral angle for the
control group with open circles. (The lateral angle was explained in Chapter 1, Section
1.2.3). This response-target plot includes 48 responses for 38 participants. Positive and
negative numbers on the x and y axes correspond to the right and left hemifields,
respectively. The zeros on the axes indicate the original position in the midline. The
closer the response symbols to the diagonal black line represent the more accurate
response.

Left hemifield
Slope: 0.89±0.17
Scatter: 10.15±3.29
Overshoot: 5.08±4.81

Right hemifield
Slope: 0.94±0.17
Scatter: 10.83±4.45
Overshoot: 3.58±4.40

Figure 3.11: Individual responses of 38 participants for sound localization of shortduration stimuli. The diagonal line shows the reference line for a perfect response.
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Two separate regression lines were plotted for the right and left responses of each
participant. The regression lines included the components related to the lateral angles and
disregarded the responses associated with the targets at 0, 90, and 180 degrees.
Three variables associated with the regression lines were analyzed to assess the
performance of each participant:
a)

Slope of the regression line: determines the relationship between the target and

responses in the lateral angle dimension. A separate regression line was plotted for the
right- and left- hemifield targets. Slopes smaller than 1 indicate that the responses were
compressed in space relative to the distribution of target locations, and slopes larger than
1 indicate that the responses were widened in space relative to the targets. Slopes close to
zero in a hemifield indicate that the listener could not distinguish the target location at
any given angle in that hemifield.
b)

Scatter about the regression line: indicates the RMS error between the responses

and the regression line. The calculated value is a positive number that indicates the
variability of the responses. The scatter was calculated for the right and left hemifields
independently.
c)

Overshoot: determines the average deviation of the responses from the target.

Overshoot was calculated by subtracting the target locations from the response locations.
A zero overshoot indicates an accurate target localization. We defined the positive
overshoot responding farther away from the midline than the target location for both
right- and left-hemifields and negative overshoot as responding closer to the midline than
the target location for both right and left hemifields.
The mean ± SD of these metrics for the control group are shown in Figure 3.11. A paired
sample t-test was conducted for the responses of the control group to compare the slope
of the regression line between right and left hemifields. The slope of the right responses
was slightly higher than the left responses (mean ± SD: R: 0.94 ± 0.17; L: 0.89 ± 0.17).
However, there was no significant difference between the slope of the regression line for
the two hemifields (t (37) = 1.16, p = 0.25). A similar analysis was completed for the
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scatter about the regression line. No significant difference was found between the
scattered responses about the regression line between the right- and left-hemifields (mean
± SD: R: 10.83 ± 4.45; L: 10.15 ± 3.29; t (37) = 0.88, p = 0.39). No significant difference
was found between the overshoot of the right and left hemifields (mean ± SD: R: 3.58 ±
4.40; L: 5.08 ± 4.81; t (37) = -1.52, p = 0.14). Given the non-significant differences
between the responses of the right and left hemifields of the control group, the
corresponding values on both sides were averaged to create one single number for each
one of the parameters including slope (0.92 ± 0.17), scatter (10.49 ± 3.91), and overshoot
(4.33 ± 4.64).
A similar procedure was conducted to calculate the localization performance of the
participants with UCHL. The results are shown in Figure 3.12, which illustrates each
individual’s performance. The corresponding slope, scatter, and overshoot metrics of
localization performance are shown on each plot.
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Poor side
SL: 1.51
SC: 35.99
OV: 4.71

Poor side
SL: 0.85
SC: 10.88
OV: 15.94

Poor side
SL: 1.05
SC: 8.85
OV: 4.65
SL: 0.14
SC 27.22
OV: 22.94

SL: 0.99
SC: 17.85
OV: 13.85

Poor side
SL: 1.06
SC: 11.23
OV: 3.08

SL: 0.22
SC: 24.73
OV: 4.41
Poor side
SL: 0.88
SC: 18.64
OV: -26.09

Poor side
SL: 1.15
SC: 7.58
OV:-1.17

SL: 0.77
SC: 9.76
OV: 6.96
Poor side
SL: 0.70
SC: 9.56
OV: 3.04

SL: 0.45
SC: 13.09
OV: 20.67

SL: 1.10
SC: 10.70
OV: 5.19

SL: 0.85
SC: 9.61
OV: 12.40

Poor side
SL: 1.19
SC: 12.44
OV: -0.17

SL: 0.96
SC: 16.70
OV: 6.77

SL: 0.97
SC: 8.89
OV: 9.34

SL: 1.03
SC: 16.19
OV: 9.64

Poor side
SL: 1.11
SC: 15.41
OV: 15.21

Poor side
SL: 0.62
SC: 15.31
OV: 8.99
Poor side
SL: 0.86
SC: 14.09
OV: 7.09

SL: 0.67
SC: 13.89
OV: 6.36

Figure 3.12: Individual response-target for localizing short-duration stimuli in lateral
angle by the UCHL group. The top two rows are the plots for the participants before the
stapes surgery. The bottom two rows are plots for the participants with slight and mild
UCHL. Red and blue lines are the regression line for the responses to the right- and lefttargets, respectively. Slope (SL), scatter (SC), and overshoot (OV) values are shown for
each hemifield. The poorer hearing ear of each individual is shown on the plots.
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A comparison of the performance of the study group with that of the control group is
shown in Figure 3.15. The calculated variables for the participants of the UCHL group
(including the slope of the regression line, scatter about the regression line, and
overshoot) were superimposed on the mean ± SD of the control group. Light gray bars
indicate the data for the slight and mild UCHL participants, and the non-gray bars show
the data of the participants with moderate and moderately severe UCHL. The mean ± SD
of the control group is shown by black horizontal lines.
In each section of this Figure, the responses associated with the poorer hearing hemifield
(i.e. the hemifield on the side of the poorer hearing ear) are shown on the left side, and
the responses associated with the good hearing hemifield are shown on the right side.
.
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Figure 3.13: Comparison of the individual data of the UCHL group with mean ± SD of
the control group for localization of short-duration stimuli. Light gray bars show the
results for the participants with slight and mild UCHL, and non-gray bars show the
results for the participants with moderate and moderately-severe UCHL.
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Comparing the individual slope of the regression line with the calculated average for the
control group indicated that the majority of the values on both good and poor sides for the
slight and mild UCHL participants (8 of 10 bars) were within the normal range. The
responses of the listeners with moderate and moderately severe UCHL showed more
vulnerability of the performance in the good hearing hemifield. The lower than normal
slope in the good hearing hemifield suggests that the listeners could not accurately
distinguish the location of the targets on that side. However, their slopes on the poor side
were normal or close to the normal range. This performance was more affected for one
participant (L206) who had an acute onset of UCHL due to device failure following
stapedotomy. The localization perturbance in the good hearing side is consistent with an
earlier study with unilateral earplugging (Van Wanrooij & Van Opstal, 2007), and is
likely associated with the level of the stimulus. For the listeners with UCHL caused by
unilateral earplug, when sounds were loud enough to be audible for both ears, binaural
difference cues were perturbed and sound localization accuracy decreased in the good-ear
hemifield.
The scattered responses about the target were higher than the normal range in the good
hearing hemifield for the participants with a high degree of UCHL. This was consistent
with the small slope of the regression line for this group. The scattered responses for the
lower degree of UCHL were within the normal range in both hemifields, suggesting
better accuracy in localization than the listeners with a higher degree of hearing loss.
The overshoot data indicated that the errors of sound localization in the good hearing
hemifield (6 of 11) and the poor hearing hemifield (2 of 11) for the participants with
UCHL were associated with positive overshooting, suggesting that they moved further
away from the actual target when the stimuli had a short duration. Biased responses
toward the open ear/normal side have been reported already with some between-subject
variabilities (Kumpik et al., 2010), suggesting reweighting cues and using spectral
information related to the open ear when the binaural hearing is disrupted by a unilateral
conductive component.
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Long-duration stimuli:
In a second task, the listeners localized stimuli with long durations. The unlimited
duration of presentation of these stimuli allowed the listeners to search for the location of
the target by rotating their head and body. Similar to the short-duration stimuli,
regression lines were plotted for the right- and left- hemifield targets, and the three
variables of a) slope of the regression line, b) scatter about the regression line and c)
overshoot were calculated for each individual. Figure 3.14 shows the superimposed
individual response-target plots of the control group. The mean ± SD of the three
variables is shown for the right and the left hemifields.
A paired sample t-test compared the variables between the right with the left hemifields.
No significant differences were observed between the two sides for the slope (Mean ±
SD: R: 0.96 ± 0.04, L: 0.96 ± 0.04, t (37) = 0.50, p = 0.62), and scatter (Mean ± SD: R:
4.23 ± 3.07, L: 3.92 ± 2.45, t (37) = 0.67, p = 0.51). There was a significant difference
between right and left responses in overshoot (Mean ± SD: R: -0.01 ± 1.09, L: 0.73 ±
1.24, t (37) = -2.85, p = 0.01). Given the non-significant differences between the
responses of the right and left hemifields of the control group, the corresponding values
on both sides were averaged to create one single number for each one of slope (0.96 ±
0.04), and scatter (4.07 ± 2.77). The average of the right and left responses for overshoot
was (0.36 ± 1.22).
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Left side
Slope: 0.96±0.04
Scatter: 3.92±2.45
Overshoot: 0.73±1.24

Right side
Slope: 0.96±0.04
Scatter: 4.43±3.07
Overshoot: -0.01±1.09

Figure 3.14: The response-target plot of the control group for localizing the longduration stimuli in the lateral angle.

The calculated variables for the participants of the UCHL group are superimposed on the
mean ± SD of the control group in Figure 3.15. Light gray bars indicate the data for the
slight and mild UCHL participants, and the non-gray bars show the data of the
participants with moderate and moderately severe UCHL. The responses associated with
the poor hearing side are shown on the left and those for the good hearing side are shown
on the right side of the plots. The mean ± SD of the control group is shown by black
horizontal lines. The range of the y-axis for this Figure was adjusted to match the range
of the y-axis in Figure 3.13 for a better visual comparison between the results for the
long-duration versus short-duration stimuli.
The slope of the regression line was within or close to the normal range for the longduration stimuli, suggesting that the performance of the participants with UCHL
improved with increasing the stimulus duration. Both short- and long-duration stimuli
were presented at a similar level. Therefore, the confusion in localizing the target on the
good side caused by the level of the short-duration sounds could be compensated by the
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prolonged presentation; since the listeners have adequate time to localize the source and
access dynamic localization cues before the sound disappears
The scattered responses about the regression line were within the normal range for about
60% of the responses (13 of 22), which is similar to the short-duration stimuli. The subnormal performances correspond to the same IDs who presented with poor results with
the short-duration sounds, suggesting that for those participants variability in locating the
target decreased but remained higher than normal even with increasing the duration of the
stimuli.
The overshoot decreased to a great extent for the control group when the duration of the
sound was increased. Similarly, the study group achieved the benefit of prolonged sounds
to improve their performance. However, a slight positive overshoot from the target was
apparent on the good side for the UCHL group with a high degree of hearing loss,
suggesting that biased localization toward the good side remained unresolved with the
sound duration.
.
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Figure 3.15: Comparison of the individual data of UCHL group with mean ± SD of the
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The total distance of head rotation:
The long-duration stimuli were presented until the listeners located the target, and
accordingly, their performance improved compared to the short-duration sounds. In order
to determine whether UCHL required the listeners to use extra head rotation to localize
the targets, the total distance of head rotation from the original position was tracked. This
measurement was completed by means of continuous recording of data from the headtracking device that the participants wore on their head during the experiment, and this
distance was calculated for each trial for each individual. The head tracking device
calculated the absolute difference in position of head orientation at every moment relative
to the previous time as the head was turning. Using Cumsum function in MATLAB, the
summed absolute values were calculated to represent the total distance of head rotation
for each target. If the listeners moved in one direction from 0 degree to the target, then
the total angle moved would be equal to the absolute value of the target azimuth, but if
they oscillated their head at all, the total distance moved would be increased.
Figure 3.16 shows individual results computed from the head-tracking data for all
participants in the control group. The plot indicates the total distance of the head rotation
for each target in azimuth angle relative to the original position at 0 degree. Positive
numbers on the x-axis correspond to the right targets, and negative numbers on the x-axis
correspond to the left targets.
The one-sided 95th percentile of the rotation distances for each target location was
calculated and is superimposed on the individual data shown in the plot.
.
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Figure 3.16: Individual data of the control group. The total distance of the head turns
from the original position at 0 degree for locating the long-duration sounds against the
location of the target loudspeakers. The curved line indicates the one-sided 95th percentile
of the distance data.

Repeated measures ANOVA were used to compare the responses to the right targets with
the responses to the corresponding left targets. There was no effect of side (right/left) in
this analysis (Wilk’s λ = 0.99, F (1, 110) = 0.31, p>0.05, Ƞ2 partial= 0.01). For this
analysis, the responses to the loudspeakers at 0 and 180 degrees were disregarded. Table
3.4 indicates mean ± SD of the head rotation distance from the original position for each
target on the right and left sides. The Table also shows 95th percentile of the distance data
for each target location.
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Table 3.4: Mean ± SD head rotation distance from the original position to the targets for
the control group.
Target angle
(degree)
22.5
45
67.5
90
112.5
135

157.5

Side

Mean distance moved
(degree)

95th percentile
(degree)

R

28.87 ± 6.24

39.16

L

29.23 ± 7.44

42.81

R

49.79 ± 9.06

66.27

L

50.88 ± 7.96

69.38

R
L

73.12 ± 9.58
72.92 ± 8.74

92.18
91.99

R

93.32 ± 7.30

106.18

L

92.53 ± 7.21

104.54

R
L
R

115.08 ± 7.70
113.40 ± 5.60
138.46 ± 5.93

125.21
123.38
149.76

L

135.95 ± 6.20

146.36

R

166.58 ± 15.43

203.16

L

164.15 ± 43.33

176.32

The head rotation distance for locating each target was computed for the UCHL listeners
and the responses are plotted individually. Their individual data were superimposed on a
plot that contained 95th percentile of the data to each target for the control group (Figure
3.17). The first and second rows of the Figure show the data for the participants before
stapes surgery, and rows 3 and 4 illustrate the responses of the individuals with less
degree of hearing loss. The black curve on each plot indicates 95th percentile of the data
of the control group. The poor hearing ear of each UCHL group participant is shown on
each plot.
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A
Poor side

Poor side

Poor side

B
Poor side

Poor side

Poor side

C
Poor side

Poor side

Poor side

D
Poor side

Poor side

Figure 3.17: Head rotation distance from the original position at 0 degree for the
participants with moderate and moderately-severe UCHL (rows A & B), and with slight
and mild UCHL (rows C & D). The black curve on each plot indicates 95th percentile of
the rotation data for the control group. Red text shows the right ear/hemifield, and blue
text shows the left ear/hemifield.
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As shown in the above Figure, there are some plots with scattered responses that are
above 95th percentile of the normative data. These plots are the data of the listeners with a
high degree of UCHL. However, for those with a small degree of UCHL, little excess
rotation was required to accurately locate the sound source, and a minimal correction may
have been required for this performance that was within the normal range. These results
are consistent with the data that were shown in Figure 3.15.

3.3.2.2

Task 2: Use of dynamic binaural difference cues for
front/rear localization

In light of the advantages of dynamic binaural cues for resolving ambiguity in localizing
the front/rear targets discussed earlier in Chapter 1, Section 1.2.3, the participants
completed another task to assess their ability to achieve this advantage. The task included
presentation of wideband noise (WBN) and narrowband noise (NBN) from the front and
rear locations in random order with head-fixed (0 degree spatial window) or the head in
motion (10, 20, and 40 degrees spatial window) with a rotation rate of approximately 50
degrees per second. The front/rear proportion correct of responses for each spatial
window and both stimuli were collected.
The mean ± SD of the control group responses for each spatial window was calculated,
and the results are plotted for WBN in Figure 3.18-A and for NBN in Figure 3.18-B. The
pictures along with the x-axis with a “pie slice” illustrate the head position surrounded
with the array of the loudspeakers and the radius lines in front of the head show the
portion of head motion over which the sound was activated. A bigger slice/window
means more change in binaural cues over the duration of the stimulus, which should
improve performance. The data for the individuals with UCHL are superimposed on the
average data of the control group in the corresponding plot. The black line on both plots
corresponds to the data of the control group, light gray lines show the data of the
individuals with a low degree of UCHL, and the non-gray lines are the data of individuals
with a high degree of UCHL.
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Figure 3.18: Front/rear proportion correct of responses for wideband noise (A) and
narrowband noise (B) at 4 different spatial windows (0, 10, 20, and 40 degrees). Black
symbols show mean ± SD of the control group. The light gray lines are for the
participants with slight and mild UCHL. The non-gray lines are for the participants with
moderate and moderately severe UCHL. The pictures with two circles along with the xaxis illustrate the head position surrounded with the array of the loudspeakers and the
radius lines in front of the head show the spatial window of the stimulus activation during
head oscillation. Asterisks mark the three participants’ IDs who were hearing aid users
(no hearing aids during testing).

For the control group, the majority of the participants correctly localized the WBN
stimuli with a high accuracy (≥99% of the times) with and without head rotation (mean ±
SD: 0 degree spatial window: 0.99 ± 0.03; 10 degrees spatial window: 0.99 ± 0.03; 20 degrees spatial
window:

1 ± 0.0; 40 degrees spatial window: 1 ± 0.01).
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The performance of the control group was reduced to about 60% accuracy with NBN
stimuli in the head-fixed condition (0 degrees), but improved significantly with only 10
degrees of spatial window (mean ± SD: 0 degree spatial window: 0.61 ± 0.12; 10 degrees spatial
window:

0.94 ± 0.06; 20 degrees spatial window: 1 ± 0.02; 40 degrees spatial window: 1 ± 0.02). The

maximum accuracy was achieved (and plateaued) with 20 degrees of spatial window.
Repeated measures ANOVA indicated that there was a significant effect of spatial
window (Wilks’ λ = 0.09, F(1.59, 55.79) = 256.68, p<0.0001, Ƞ2partial = 0.88). Pairwise
comparison indicated that 10 degrees head movement results in significant improvement
in accuracy of front/rear localization (p<0.05). This finding suggests that a small spatial
window allowed the listeners to achieve the benefit of dynamic interaural time and level
differences to accurately distinguish the front/back location of the sound sources with
smaller bandwidth. This result is consistent with the earlier study that was reported from
our laboratory (Macpherson, 2013).
For WBN stimuli, all participants with mild UCHL had performance comparable to the
control group. The participants with moderate and moderately severe UCHL presented
with variable performances; while three individuals achieved benefit from dynamic
binaural cues with relatively large spatial window, the front/rear ambiguity remained
persistent for the other three people regardless of the spatial window.
For NBN stimuli, more variability was observed among individuals with UCHL. A
similar pattern to the control group was observed in resolving the front/rear ambiguity
when there was a small degree of hearing loss (light gray lines in Figure 3.18-B). The
maximum improvement was achieved at the largest spatial window (40 degrees) for the
majority of people in the study group. However, even this large spatial window was
insufficient for four of them who presented with a large degree of hearing loss (non-gray
lines in Figure 3.18-B). These listeners responded below or only slightly better than
chance with 20 degrees spatial window and had a slight improvement with 40 degrees
spatial window.
In summary, even though the sound level was set so that the stimulus was audible in both
ears, the sound localization errors were not resolved for the listeners with UCHL. When
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the sound level is adjusted to become comfortably audible to the impaired ear, the sound
localization ability on the lateral angle of the good hearing side was perturbed, despite the
improvement on the poor side. This difficulty could be resolved partially by prolonging
sounds to provide sufficient time for the listeners to correct the errors of localization, and
to access dynamic cues. The correction of the erroneous function was observed more
often for the listeners with high degree of hearing loss. Front/rear ambiguity remained
persistent with head movement when sound duration was limited (spatial window task).
Increasing the frequency spectrum information may improve the performance of some
individuals in this task. The improvement for the high degree UCHL may depend on the
degree of the hearing loss, the duration of the hearing loss, and hearing aid use.

3.3.3

Spatial release from masking (SRM)

There were two runs for three conditions of the HINT experiment, and each run included
20 sentences. Each run yielded a HINT score that was calculated by the software. For this
calculation, the standard scoring method was used by which the average of the SNR for
the last 17 sentences (including the estimated SNR for the 21st sentence) was measured.
This final score indicated how much more intense the sentences needed to be than the
competing noise so that the participant could correctly repeat the sentences 50% of the
time. Lower SNRs indicate better performance since the same percent correct was
obtained under more challenging listening conditions. The three test conditions included
collocated condition (noise and speech in front), spatially separated conditions (speech in
the front and noise on either side).
The average scores of the two runs for each condition were computed for individuals to
create one score for each person. The mean ± SD of the scores for each one of the three
conditions was calculated for the control group. Figure 3.19 illustrates the results for
three conditions. The middle plot indicates the scores for the collocated condition where
noise and speech were presented from the front loudspeakers. The right and left plots
show the spatially separated conditions when the noise was moved to the right (right plot)
and to the left (left plot). In each plot, the black bar indicates the mean ± SD for the
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control group and the remaining bars indicate individual scores for each one of the
participants in the UCHL group. The data of the study group are shown on the right plot
when the noise was toward the poor hearing ear, and are shown on the left plot when the
noise was toward the good hearing ear. The light gray bars on the right side of each plot
show the scores for the listeners with a small degree of UCHL, and the non-gray bars
indicate the scores for the listeners with a large degree of UCHL.
As expected, the control group had better performance when the noise and speech were
spatially separated. The benefit of the SRM was calculated by subtracting the HINT
scores of the spatially separated condition from the collocated condition. Slightly better
performance was observed for the control group when the noise moved to the right side
(mean ± SD: noise to the right: 4.91 ± 1.65 dB; noise to the left: 4.56 ± 1.77 dB). Paired
sample t-test analysis indicated that this difference was not statistically significant (t (37)
= 0.91, p = 0.37), suggesting that the right and left ears had an equal contribution in
speech perception in noise in presence of symmetrical normal hearing sensitivity for our
control group.
The benefit of the SRM was affected by the hearing loss for the UCHL group, and the
symmetrical performance of the ears was disrupted in this task due to the asymmetrical
hearing ability. The HINT scores degraded when the noise was presented on the side of
the good hearing ear (Figure 3.19-A). The scores worsened more for the listeners who
had a high degree of UCHL than for those with a small degree of hearing loss. The
benefit of SRM was calculated and will be discussed in the next section.
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A) Spatially separated

B) Collocated

C) Spatially separate

Figure 3.19: HINT scores for three conditions, A) spatially separated condition (speech at 0 degree, noise at 90 degrees), B)
collocated condition (noise and speech at 0 degree), C) spatially separated condition (speech at 0 degree, noise at -90 degrees). Black
bars are the mean ± SD of the scores for the control group. The individual data of the UCHL group was included in the left plot when
the speech was presented on the side of the good hearing ear, and included in the right plot when the speech was presented on the side
of the poor hearing ear. This was regardless of the side of the hearing loss.
C: control
Asterisks show hearing aid users during unilateral hearing loss (no hearing aid during testing)
The white loudspeaker symbolizes the target speech; the green loudspeaker symbolizes the noise.
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To calculate the benefit of the SRM, we applied the following equations for the control
group:
𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑜𝑓 𝑆𝑅𝑀 𝑓𝑜𝑟 𝑛𝑜𝑖𝑠𝑒 𝑟𝑖𝑔ℎ𝑡 = (𝐻𝐼𝑁𝑇𝑁𝑜𝑖𝑠𝑒 0 ) − (𝐻𝐼𝑁𝑇𝑛𝑜𝑖𝑠𝑒 𝑟𝑖𝑔ℎ𝑡 )
𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑜𝑓 𝑆𝑅𝑀 𝑓𝑜𝑟 𝑛𝑜𝑖𝑠𝑒 𝑙𝑒𝑓𝑡 = (𝐻𝐼𝑁𝑇𝑁𝑜𝑖𝑠𝑒 0 ) − (𝐻𝐼𝑁𝑇𝑛𝑜𝑖𝑠𝑒 𝑙𝑒𝑓𝑡 )
where, the score of the spatially separated condition was subtracted from the score of the
collocated condition. Paired sample t-test indicated that there was no significant
difference between these scores obtained from the right and left noise conditions (t (37) =
-0.91, p = 0.37). Therefore, the calculated values were averaged to indicate one single
number as the benefit of the SRM for the control group (mean ± SD: 5.06 ± 2.06 dB).
The benefit of SRM for individuals with UCHL was calculated for the good and poor
hearing ear separately using the following equations:
𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑜𝑓 𝑆𝑅𝑀 𝑓𝑜𝑟 𝑛𝑜𝑖𝑠𝑒 𝑜𝑛 𝑝𝑜𝑜𝑟 𝑒𝑎𝑟 = (𝐻𝐼𝑁𝑇𝑁𝑜𝑖𝑠𝑒 0 ) − (𝐻𝐼𝑁𝑇𝑛𝑜𝑖𝑠𝑒 𝑜𝑛 𝑃𝑜𝑜𝑟 𝑒𝑎𝑟 )
𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑜𝑓 𝑆𝑅𝑀 𝑓𝑜𝑟 𝑛𝑜𝑖𝑠𝑒 𝑜𝑛 𝑔𝑜𝑜𝑑 𝑒𝑎𝑟 = (𝐻𝐼𝑁𝑇𝑁𝑜𝑖𝑠𝑒 0 ) − (𝐻𝐼𝑁𝑇𝑛𝑜𝑖𝑠𝑒 𝑜𝑛 𝐺𝑜𝑜𝑑 𝑒𝑎𝑟 )

Figure 3.20 shows the mean ± SD of the calculated benefit for the control group with
horizontal lines and the individual data for the UCHL group in bar plots. Positive
numbers on the y-axis indicate the SNR improvement in dB, and negative numbers
indicate a decrease in performance when the speech and noise were spatially separated.
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Figure 3.20: The benefit of the spatial release from masking. Solid and dotted horizontal
lines indicate mean ± SD improvement for the control group. Light gray bars indicate the
SNR improvement for the individuals with a small degree of UCHL, and non-gray bars
are for the participants with a high degree of UCHL.

The SNR improved for the listeners with a low degree of UCHL when the noise and
speech were spatially separated. The improvement was within the normal range when the
noise source was at the poor hearing side. However, the speech intelligibility was
degraded to a subnormal level when the noise was presented to the good hearing ear.
The listeners with high degree UCHL achieved minimum or no benefit of this approach,
suggesting their poor speech intelligibility in noise despite having normal or close to
normal hearing sensitivity in one ear.
Considering the duration of the hearing loss of these participants, the findings of this
study suggest that the benefit of SRM depends on the level of the UCHL but not the
duration of the UCHL. Therefore, long-standing UCHL likely involves difficulty in
speech intelligibility in noise.
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3.3.4

Interaural time difference (ITD) discrimination threshold

Each participant completed three runs of the Left-Right ITD discrimination task. The
total number of trials for each run that were needed to attain the required number of
reversals varied. The number of trials was within a range of 36 to 65 for the control group
and within a range of 21 to 67 for the UCHL group. Since opposite ITDs were applied to
the dichotic noise bursts in the first and second intervals on each trial, the obtained
threshold was multiplied by 2 to calculate the interaural time difference (ITD)
discrimination threshold.
Repeated measures ANOVA indicated that there was no significant difference between
the average ITD discrimination thresholds that were obtained from the three runs of the
experiment for the control group (F(2, 74) = 1.51, P>0.05, Ƞ2partial = 0.04). Therefore, the
calculated ITDs of the three runs were averaged for each individual to indicate the final
ITD discrimination threshold.
A significant correlation was found between age and ITD discrimination threshold in the
control group (r = 0.41; p = 0.01). The effect of age on sensitivity to the binaural
temporal fine structure has been shown recently (Füllgrabe & Moore, 2018; Füllgrabe,
Sęk, & Moore, 2018). Given that the participants in the UCHL group ranged in age
between 43 and 68 years old, further assessment for the ITD sensitivity was completed by
comparing their data with an age-range matched control group. The sub-control group
was selected from the participants of the large control group with a minimum age of 40
years.
Table 3.5 shows the range of the ITD discrimination threshold and the range of the
number of trials for completing the task by the UCHL group and the control group.
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Table 3.5: The range of the ITD discrimination threshold for the control and the UCHL
groups.
Groups

Control ( <40 yr)

Control ( >40yr)

UCHL ( >40 yr)

15.6 to 82.2

26.9 to 107.3

72.7 to 5012

36 to 62

39 to 61

23 to 67

Range of ITD

discrimination
threshold (μs)
Range of number of
trials in 3 runs

Figure 3.21 shows the individual ITD discrimination thresholds for the control group and
the UCHL group. Each data point indicates the average of three runs for one participant.
The data for the control group participants below 40 years of age are also shown in a
separate box plot with open circles for visual comparison. The blue triangles indicate the
data of the age-range matched control group, and the filled circles show the data of the
participants in the UCHL group.
The three participants in the UCHL group with the highest ITD discrimination thresholds
completed the task with random responses, as they mentioned that they were not able to
identify the direction of the lateralized stimuli. These three participants had a high degree
of UCHL. The participants in the UCHL group showed a higher ITD discrimination
threshold than the median of the young adult control group and of the age range-matched
control group. This finding was observed regardless of the level of their hearing loss.
This finding may suggest that even a mild long-standing UCHL could affect processing
of the temporal information of binaural sounds. Meanwhile, compensating for the hearing
loss at the test time is not sufficient to resolve this difficulty. Future studies are required
to determine the effect of adaptation or training with equal sensation levels on processing
the binaural temporal information.
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L206
L231*
L229*
L218
L194*
L183
L192
L219
L225
L188
L185

Figure 3.21: ITD discrimination thresholds for the control group (<40 years old and >40
years old) in open symbols, and the UCHL group in filled symbols. The participants’ ID
is shown with the corresponding colour code. Asterisks show Hearing aid users.
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3.3.5

Binaural loudness summation

The loudness growth function test was completed for all but one participant in the control
group (n=37) and for all 11 participants in the UCHL group. An average from ascending
and descending runs was calculated individually across input levels for monaural and
binaural presentations. The final product was a single loudness rating for each condition
and each individual. The reliability of this method of calculation has been previously
documented (Crukley, & Scollie 2012; Jenstad, et al., 1997). While performing the task,
when the participants selected uncomfortably loud on the rating scale before the
maximum output of the test, the input level was reversed. Therefore, these missing values
of the higher levels were entered as 7 or uncomfortably loud.
Analysis for the control group: Loudness ratings were compared between the right and
left ears. The comparison was completed by repeated-measures ANOVA (2 sides × 21
levels). The results showed that there was a significant effect of input level (Wilk’s λ =
0.001, p < 0.0001, Ƞ2 partial = 0.999), indicating that higher levels resulted in a higher
rating of loudness perception or were perceived louder. However, there was no effect of
interaction between ears and input levels (Wilk’s λ = 0.58, p = 0.85, Ƞ2 partial = 0.42),
suggesting that both ears perceived a given input level identically. Loudness growth
perception by the right ear across input levels was plotted against the rating by the left ear
(Figure 3.22). Each number on the x and y axes represents one score on the rating scale
along with the corresponding face that was represented on the rating scale. The solid line
indicates the reference line and the dotted line indicates the regression line. The error bars
indicate the standard error for the monaural right- and left- responses. There was a
significant correlation between the loudness rating obtained from the right and the left
ears for the control group (slope = 0.989, r = 1.000, p < 0.0001). The correlation between
the right and left ears for rating the loudness growth was close to the reference line,
suggesting that the loudness growth was identical for both ears.
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Figure 3.22: Correlation between the right and left loudness rating for the control
group. Each circle represents a stimulus presentation level between 0 and 100 dB SPL.
The loudness rating for each level on the left ear was plotted against the loudness rating
for the same level on the right ear. Horizontal and vertical error bars indicate the standard
error of the mean for the left and right ears, respectively. The numbers on the axes
correspond to the descriptive loudness rating shown for the y-axis. The dotted diagonal
line indicates the regression line and the solid diagonal line indicates the reference line.

Given the similarity of the loudness rating for the right and left ears for the control group,
the loudness rating of the right and left ears was averaged together for each input level to
calculate one single “monaural loudness” rating. Similarly, monaural responses have
been averaged in earlier studies to produce one monaural response (Hirsh, 1948). Then,
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the binaural loudness rating was plotted against the calculated monaural loudness rating
(Figure 3.23). In this plot, the loudness perception rating for each level of stimulus in the
bilateral presentation on y-axis was plotted against the loudness perception rating for the
same level of stimulus in the monaural presentation on the x-axis. The solid diagonal line
indicates the reference line and the dotted line indicates the regression line. The error bars
indicate the standard error for the monaural and binaural presentations.

Control group
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Loud but ok
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but slightly loud
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Comfortable

4

Comfortable
but slightly soft
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Very soft
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Monaural rating
Do not hear
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3
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Figure 3.23: Correlation between the loudness ratings perceived in binaural presentation
versus monaural presentation for the control group. The numbers on the axes correspond
to the descriptive loudness rating shown on the y-axis. Horizontal and vertical error bars
indicate the standard error for the monaural and binaural conditions, respectively. The
dotted diagonal line indicates the regression line and the solid diagonal line indicates the
reference line. Asterisks on 5 and 20 dB SPL show that the difference between the
monaural and binaural rating was not significant at these levels.
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Loudness rating across input levels was compared between monaural and binaural
presentations. Repeated measures ANOVA (2 sides × 21 input levels) indicated a
significant effect of level (Wilk’s λ = 0.001, F (2.76, 99.41) = 1363.60, p < 0.0001, Ƞ2
partial

= 0.97), indicating that the sound was perceived louder by increasing the input level.

There was also a significant effect difference between monaural and binaural
presentations (Wilk’s λ = 0.38, F (1, 36) = 43.67, p < 0.0001, Ƞ2 partial = 0.62), indicating
the loudness was perceived differently in monaural versus binaural presentation. There
was also a significant interaction between ear and level (Wilk’s λ = 0.17, F (5.32, 191.40)
= 9.11, p < 0.0001, Ƞ2 partial = 0.20). Pairwise comparison indicated that the difference
between the two conditions was significant across all input levels except at 0, 5, and 20
dB SPL (p < 0.05), suggesting that the binaural speech sounds were perceived
significantly louder than the monaural sound across approximately all input levels when
presented through insert earphones. The louder perception of binaural than the monaural
speech sounds across input levels has been well documented before e.g. (Epstein &
Florentine, 2012).
For measuring the binaural loudness summation rating, the difference in loudness rating
between binaural and monaural conditions was calculated for the control group. The
ratings for averaged monaural hearing, binaural hearing and binaural summation across
input levels are shown in Table 3.6. This method of calculation of binaural loudness
summation has been used in earlier studies (Hirsh, 1948; Oetting et al., 2016). As shown
in the Table, binaural loudness summation (binaural – monaural) resulted in an increase
in loudness perception in a range of 0.05 rating scale steps at 5 dB SPL to 0.74 rating
scale steps at 75 dB SPL for normal-hearing listeners. At 75 dB SPL, the loudness was
perceived with a rate of 5.81. To perceive this same loudness required an approximate
level of 82 dB SPL when the sound was presented monaurally.
For every one-unit change in loudness perception with binaural hearing, the loudness
changed 0.95 units of the rating scale with monaural hearing.
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Table 3.6: Binaural loudness summation rating (averaged Monaural, Binaural, Binaural minus averaged Monaural).
Input levels
(dB SPL)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

ave. Mon

0

0.02

0.20

0.61

0.89

1.06

1.36

1.76

2.18

2.60

3.04

3.45

3.83

4.29

4.65

5.07

5.57

5.95

6.20

6.50

6.43

Bin

0

0.07

0.55

0.80

0.96

1.23

1.61

2.07

2.54

3.01

3.43

3.80

4.28

4.81

5.19

5.67

5.91

6.21

6.35

6.50

6.60

n/a

n/a

0.13

0.10

0.04

0.14

0.25

0.30

0.36

0.41

0.39

0.34

0.45

0.52

0.64

0.80

0.62

0.54

0.42

0.59

0.50

n/a

n/a

0.26

0.15

0.15

0.25

0.36

0.42

0.45

0.57

0.53

0.54

0.56

0.65

0.73

0.67

0.53

0.53

0.48

0.50

0.50

n/a

n/a

0.11

0.03

0.03

0.04

0.06

0.07

0.07

0.09

0.09

0.09

0.09

0.11

0.12

0.12

0.10

0.12

0.14

0.19

0.22

Measurement

Bin- ave.
Mon
(mean)
Bin- ave.
Mon
(SD)*
Bin- ave.
Mon
(SE)**

*SD: standard deviation
**SE: Standard error
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Analysis for the UCHL group and comparison with the control group: Loudness
perception for the poorer hearing ear was initiated at a higher input level than for the
intact ear due to hearing loss but increased approximately parallel to the intact ear. This
pattern of loudness growth is shown with regression lines in Figure 3.24 (solid line: good
hearing ear; dashed line: poor hearing ear; dotted line: bilateral hearing). The average
data of the control group is shown for the right, left and both ears in the bottom row of
the Figure.

Figure 3.24: Loudness rating as a function of input level. A regression line fit to the data
of the monaural and binaural responses. The top row shows the data of the participants
with a high degree of UCHL and the bottom row indicates the data of the listeners with a
low degree of UCHL. The average data of the control group is shown in the bottom row.
The slope of the regression line was calculated for monaural and binaural loudness
growth function to determine the rate of loudness growth (Table 3.7). The slope was
calculated for the range of rating between 0.5 and 7. That is, the missing levels on both
ends of soft and loud sounds were excluded from this calculation.
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Table 3.7: Slope of the loudness growth function in monaural and binaural presentations

ID
L206
L231*
L229*
L218
L194*
L183
L192
L219
L225
L188
L185
Control group
Mean (SD)

UCHL degree

Moderate,
Moderately
severe

Slight, Mild

----------

*hearing aid users
**will be discussed in the next paragraph

Good hearing
ear

Poor hearing
ear

Binaural
hearing

% change of binaural
loudness relative to control**

0.080
0.152
0.109
0.132
0.090
0.109
0.069
0.089
0.063
0.087
0.080

0.110
0.137
0.117
0.086
0.141
0.123
0.081
0.117
0.085
0.115
0.093

0.079
0.165
0.091
0.132
0.158
0.148
0.108
0.106
0.080
0.094
0.087

-8.85
89.66
4.60
51.49
81.83
75.52
24.60
21.26
-8.05
7.59
0.23

Right ear
0.078 (0.014)

Left ear
0.082 (0.016)

0.087 (0.016)

---------
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The loudness growth slopes for the individuals of both groups are shown in Figure 3.25.
The three box plots on the left side of the Figure show the data for the control group and
the three box plots on the right side of the Figure indicate the data for the UCHL group.
The data points were colour-coded with the participants’ ID, as shown on the side of the
Figure.

L206
L231*
L229*
L218
L194*
L183
L192
L219
L225
L188
L185

Figure 3.25: Loudness growth slope for the control group and the UCHL group. Notches
of the box plot indicate the variability of the median between samples. When the width of
the notch of boxes do not overlap the data have different median at α = 0.05 level.
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Repeated measures ANOVA was conducted to compare the loudness growth slope for the
right, left, and both ears of the control group. The results indicated a normal distribution
of the data (Mauchly’s W = 0.98, p = 0.73). Multivariate tests indicated a significant
effect of ear (Wilks’ λ = 0.66, F(2, 35) = 8.81, p = 0.001, Ƞ2 partial= 0.20). Pairwise
comparison indicated no significant difference between the slope of right and left ears (p
= 0.66); however, there was a significant difference between the slope of loudness growth
slope between the right ear and both ears (p = 0.001).
The percent change in the slope of the binaural loudness growth as a result of UCHL
relative to the control group was calculated using the following equation:
% 𝐶ℎ𝑎𝑛𝑔𝑒 =

(𝑆𝑙𝑜𝑝𝑒 𝑓𝑜𝑟 𝑈𝐶𝐻𝐿 − 𝑆𝑙𝑜𝑝𝑒 𝑓𝑜𝑟 𝐶𝑜𝑛𝑡𝑟𝑜𝑙)
× 100
𝑆𝑙𝑜𝑝𝑒 𝑓𝑜𝑟 𝐶𝑜𝑛𝑡𝑟𝑜𝑙

The results are shown in Table 3.7. Positive numbers show an increase and negative
numbers show a decrease in binaural loudness slope. As shown in the Table, moderate
and moderately severe UCHL resulted in a greater change in the slope of loudness growth
perception in binaural hearing (range 51.49 to 89.66%) compared to mild UCHL (range 8.05 to 24.60%). Two individuals (L206 and L229) had exceptional results. Participant
L206 showed a reduction in slope compared to the control group (-8.85% change). She
presented with a short duration of UCHL (< 1 year) and acute onset of hearing loss due to
failure of her stapedotomy implant. Participant L229 had a very similar slope to the
control group (4.60% change). She had a short duration of UCHL (~1.5 years) with a
gradual onset and was a hearing aid user for the poor hearing side.
To compare the binaural summation of the UCHL with the control group, the monaural
rating of the UCHL was calculated with a similar method to the control group and the
result was subtracted from the binaural rating for stimulus levels up to that first yielding a
rating of 7 (uncomfortably loud). The calculated binaural summation for each participant
of the UCHL group was superimposed on the corresponding measurements for the
control group (Figure 3.26). In each plot, the black line indicates the mean ± SD of the
measurements for the control group and the coloured lines are the data of the individuals
with UCHL. Coloured lines do not extend past the uncomfortably loud stimulus level.
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Figure 3.26: Binaural loudness summation rating (binaural loudness rating - monaural loudness rating) for the control group (black
line) and the individuals with UCHL (coloured lines). Rows A and B show the data of the participants with moderate and moderately
severe UCHL, and rows C and D show the data of participants with slight and mild UCHL. Shaded area indicates the 30-dB range
over which the average binaural loudness summation was calculated.
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These data suggested that binaural loudness is perceived differently in most of the study group
participants than in the normal-hearing listeners. The difference was shown as an abnormal
increase in binaural loudness perception for at least 7 participants and an abnormal decrease in
binaural loudness perception for 1 participant.
To quantify the difference between the binaural loudness summation of the study and control
groups, the average of rating scale of the binaural loudness summation curve was calculated for
the upper 30 dB range ending at the uncomfortably loud stimulus level for each participant. The
mean and standard deviation of these values for the control group was computed (mean ± 0.55 ±
0.48).
A similar calculation was completed for the individuals in the UCHL group to quantify the
binaural loudness summation, and results are shown in Figure 3.27. The bar charts indicate the
calculated values for each participant in the UCHL group. The graph was split into two parts
with a vertical line in the middle. The left side of the graph shows the data for the individuals
with moderate and moderately severe UCHL and the right side of the graph illustrates the data
for the participants with slight and mild UCHL. The continuous horizontal line shows the mean,
and the dotted line indicates one standard deviation of the mean for the control group.
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Figure 3.27: The average of rating scale for binaural loudness summation across 30 dB upper
limit 0f the audibility for the individuals with UCHL (bar charts) and control group (mean ± SD).

The results indicated that binaural loudness summation was greater than the normative controlgroup data for the majority of the individuals with UCHL (8 of 11). This difference was more
evident for the participants with moderate and moderately severe UCHL (5 of 6) than for slight
and mild UCHL (3 of 5). One participant with moderate and moderately-severe UCHL (L229)
had the minimum value for the area under the curve for the calculated range.
In summary, the findings of this study indicated that UCHL disrupts binaural loudness
perception and that this abnormality is affected by the degree of hearing loss. Further research is
required with a larger sample size to determine the effect of the duration of hearing loss.
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3.3.6

Auditory brainstem response binaural interaction component
(ABR-BIC)

Auditory brainstem responses were collected from five channels, simultaneously. As was
explained in Experiment I (Chapter 2), the amplitude of the responses that were collected from
channel C7 positioning on the 7th cervical vertebra was higher than the channels on the side of
the head on the earlobes (A1 and A2) and parieto-occipital regions (PO9 and PO10). Therefore,
the analyses for the purpose of Experiment II were completed based on the measurements of
channel C7.
The ASCII files of the measurements were transferred from the IHS system to MATLAB
program for the analyses. The statistical analyses were conducted as was explained before in
Chapter 2, Section 2.2.5.
The ABR- BIC was calculated using the following equation as was extensively explained for
Experiment I:
𝐵𝐼𝐶 = 𝐵𝑖𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝐴𝐵𝑅 − [(𝑅𝑖𝑔ℎ𝑡 𝐴𝐵𝑅) + (𝐿𝑒𝑓𝑡 𝐴𝐵𝑅)]
Following the completion of this procedure for each individual, a grand average of the
waveforms was calculated from the data of 28 control group participants to create an average
waveform for Right responses, Left responses, Bilateral responses, Sum of monaural responses,
and the BIC. The data of 5 of 38 participants were not included in this calculation: the
measurements of three participants were not completed due to an excessive noise level during the
recording, one participant had overlapping waveforms of two channels due to a technical
concern, and one participant did not have a recording session due to a scheduling concern. The
DN1 amplitude for the remaining five participants did not meet the defined acceptance criterion.
Figure 3.28 illustrates the grand average of waveforms for the control group (n = 28). The
responses of the right and left ears are shown in red and blue, respectively. Bilateral responses
and summed monaural responses are shown in black and green, respectively. The calculated BIC
is shown in orange waveform. The shaded area shows 5 ms pre-stimulus recording. Wave V
peak, V’ trough, DP1, and DN1 are marked on the Figure.
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Figure 3.28: Grand average ABR waveforms of the control group (n=28) for the right (red), left
(blue), bilateral (black), summed monaural (green), and calculated binaural interaction component
(orange). The shaded area illustrates 5 ms pre-stimulus epoch.

The amplitude and latency of the waveforms for the participants in the control group were
measured and the results were compared between the right and left ears. No significant difference
was found between the amplitude of the right and left responses (mean ± SD: R: 0.67 ± 0.16; L:
0.63 ± 0.19; t (27) = 1.47, p = 0.15). The wave V in the right ear occurred slightly later than in the
left ear (mean ± SD: R: 16.01 ± 0.53; L: 15.78 ± 0.48; t (27) = 3.55, p = 0.001).
To provide a visual comparison between the results of the study group and the control group, the
individual waveforms of the participants in the UCHL group were superimposed on the mean ±
SD of the waveforms that were collected from the control group. Figure 3.29 shows the data of
the UCHL group with moderate and moderately severe hearing loss. Figure 3.30 shows the data
of the UCHL group with slight and mild hearing loss. The poor hearing ear is shown on the
corresponding waveform.
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Figure 3.29: ABR waveforms and the calculated BIC for the participants with moderate and
moderately severe UCHL (solid lines) are superimposed on mean ± SD waveforms of the control
group (dotted lines for mean and shaded area for SD). The vertical lines connect the monaural
wave Vs of the UCHL group. (Two lines for asymmetrical wave V latencies).
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Figure 3.30: ABR waveforms and the calculated BIC for the participants with slight and mild
UCHL (solid lines) are superimposed on mean ± SD waveforms of the control group (dotted
lines for the mean and shaded area for SD). The vertical lines connected the monaural wave Vs.
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On the above Figures, a vertical line on each plot connects the wave V peak of the right and left
responses. For the waveforms with delayed wave V in monaural presentations, two vertical lines
with the corresponding colours to the Right and Left responses are plotted to indicate the delayed
wave V. The delayed responses are associated to the poor hearing ear in both Figures.
Despite eliciting the wave V for these participants in both monaural and binaural stimulations,
the driven BIC waveform was either unrecognizable from the baseline (L206, L218, L194, L183,
L225, L188) or distorted with noise (L229, L192, L219, L185). There was only one participant
(L231) with a negative peak that met the amplitude acceptance criterion. This participant had a
history of bilateral otosclerosis and experienced a unilateral hearing loss for about 1.5 years after
stapedotomy surgery for the opposite ear. She was registered for a second surgery of the poor
hearing ear at the time of the present study.
The wave V characteristics, including peak latency and amplitude were quantified for the
recorded responses of the UCHL group, and the results are shown in Table 3.8. These values
were used to create box plots in Figure 3.31.
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Table 3.8: Mean ± SD wave V and DN1 latency and amplitude for the control group and
individuals with UCHL
Measurements Participants

Right

Left

Both

Sum

DN1

16.01 ± 0.53

15.78 ± 0.47

15.76 ± 0.44

15.85 ± 0.45

16.31 ± 0.47

L206
L231
L229
L218
L194
L183
L192
L219
L225
L188
L185
Control
Mean ± SD

18.03
17.20
17.28
19.08
17.85
17.28
16.05
16.15
16.10
15.88
16.88

17.65
17.43
17.25
18.35
19.38
15.80
15.48
15.55
15.78
14.95
17.38

17.83
17.10
17.20
18.68
17.78
16.00
15.50
15.90
16.05
15.40
16.98

17.68
17.30
17.25
18.68
17.88
16.13
15.48
15.90
16.18
15.10
17.05

N/A
17.70?
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.67 ± 0.16

0.63 ± 0.19

1.15 ± 0.31

1.25 ± 0.34

-0.29 ± 0.12

L206
L231
L229
L218
L194
L183
L192
L219
L225
L188
L185

0.167
0.331
0.325
0.149
0.268
0.134
0.348
0.278
0.222
0.346
0.626

0.112
0.306
0.247
0.288
0.121
0.153
0.446
0.192
0.277
0.441
0.418

0.334
0.563
0.543
0.539
0.302
0.220
0.787
0.459
0.576
0.545
0.778

0.272
0.597
0.577
0.415
0.263
0.195
0.722
0.446
0.595
0.543
0.808

N/A
-0.19?
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Control
Mean ± SD

Latency
(ms)

Amplitude
(μV)

As shown in the above Table, the wave V of the study group had an increased latency and
reduced amplitude relative to the control group. This result is consistent with earlier studies
(Ferguson et al., 1998). Those participants with UCHL who had comparable wave V latency and
amplitude with the control group had a slight or mild level of hearing loss.
Regardless of the level of the hearing loss, the BIC was not clearly identified in the study group,
suggesting that the wave V amplitude in binaural ABR was either similar to the summed
monaural amplitudes or was not sufficiently different to the summed monaural to be recognized
as difference negativity in the calculated BIC. There was only one exception, L231, for whom
the BIC was present. This result could be due to the effect of age (Van Yper et al., 2016), or
symmetrical hearing loss that she originally had, or hearing aid experience, or an artifact.
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A)

B)

Figure 3.31: A) Wave V and DN1 latency. Individual data for the control group (right, left, both ears, summed monaural, and driven
BIC responses) and UCHL group (good ear, poor ear, both ears, and summed monaural responses). B) Wave V and DN1 amplitude
for control and UCHL group
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3.3.7
3.3.7.1

Interaction among the binaural hearing abilities
Sound localization and ITD discrimination threshold

Sound localization ability in the horizontal plane depends on binaural difference cues including
ILD and ITD. We assessed whether the ITD discrimination threshold of the listeners with UCHL
affected their sound localization performance with short duration stimuli, where more variability
in responses was observed among the participants. Figure 3.32 indicates the measured slope,
scatter, and overshoot during sound localization as a function of ITD discrimination threshold.
The left column indicates the data of the poor hearing side and the right column indicates the
data of the good hearing side. The filled symbols show the data for the participants with a high
degree of UCHL.
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Figure 3.32: Relation between sound localization variables for short-duration stimuli and ITD
discrimination threshold. The left column shows the data of the poor hearing side, and the right
column indicates the data of the good hearing side.
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Regression analysis was conducted to determine whether the ITD discrimination threshold could
predict the characteristics of the variables associated with the sound localization.
On the poor side, the ITD discrimination threshold did not predict the slope of the regression line
in lateral angle (F(1,10) = 0.47, p=0.51, r = 0.22), but could predict the scattered response about
the target on poor side (F(1,10) = 5.94, p = 0.038, r = 0.63). There was a very strong correlation
between the ITD discrimination threshold and overshoot from the target (F(1,10) = 9.46, p =
0.01, r = -0.72), suggesting that a higher ITD threshold was more likely to result in an overshoot
about the target. The significant correlation for overshoot is eliminated by excluding the data
with the maximum ITD discrimination threshold but remains unchanged for scatter.
On the good side, there was a very strong negative correlation between the ITD discrimination
threshold and the slope of the regression line in lateral angle (F(1,10) = 15.65, p = 0.003, r = 0.80). The ITD discrimination threshold could strongly predict the scattered responses about the
target (F(1,10) = 10.19, p = 0.01, r = 0.73). However, no correlation was found between the ITD
discrimination threshold and overshoot from the target on the good side (F(1,10) = 0.01, p =
0.91, r = 0.04).
The role of ITD sensitivity in active localization of NBN stimuli was also determined (Figure
3.33). The filled circles show the data of the individuals with a high degree of UCHL. A strong
negative correlation was found between the ITD discrimination threshold and the front/rear
proportion correct response for wide spatial window (20 degrees: r = -0.61, p = 0.047; 40
degrees: r = -0.64, p = 0.034). This result emphasized the importance of the ITD cues for
locating sound sources with head movement. This finding is consistent with an earlier study that
indicated the salience of low-frequency dynamic ITD cues (Macpherson, 2013). No correlation
was found between ITD sensitivity and front/back localization performance with head-fixed (0
degree) and a small degree of head rotation (10 degrees) (P > 0.05). This finding suggests that
the ITD was not a robust cue for resolving the front/rear ambiguity with a small degree of head
rotation for the listeners with UCHL.
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Figure 3.33: Relation between front/rear proportion correct of NBN in the head-motion task
with wide spatial window and ITD discrimination thresholds.

In summary, these findings suggest that the ITD sensitivity of the listeners with UCHL predicted
the localization errors in the good side, the variability of the responses about the target on both
sides, and use of dynamic cues for resolving front/rear ambiguity of the sounds with reduced
frequency spectrum.
The wideband noise stimulus of this experiment included both high-frequency ILD and lowfrequency ITD. The elevated ITD discrimination threshold of some of the participants in the
study group resulted in abnormal localization performance. In fact, localizing the sounds that are
well audible for both ears of the listeners with UCHL was perturbed when the chronic hearing
loss was at the level of moderate to moderately severe. On the other hand, the listeners with
long-standing mild UCHL may have relied on spectral cues or adapted to the perturbed binaural
cues allowing them to successfully localize sounds in the lateral angle dimension.
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3.3.7.2

Loudness growth perception and ITD discrimination thresholds

Although similar sound pressure level was presented to both ears to assess binaural loudness
perception, otosclerosis prevented the sound arrives in the cochlea of the affected ear with the
same level that was received with the unaffected side. This imbalance sound reception induced
an interaural level difference. Additionally, these participants had an elevated ITD discrimination
threshold. Given that stimulus lateralization contributes to binaural loudness perception (Algom
et al., 1988), correlation analyses were conducted between the binaural loudness growth function
and the ITD discrimination threshold (Figure 3.34-A) and between the average of the binaural
loudness summation and the ITD discrimination threshold (Figure 3.34-B). The circles
correspond to the participants in the study group, with the filled circles showing the data of
participants with moderate and moderately severe UCHL. The triangles show the normative data,
and the asterisks on the axes indicate an approximate value of the mean normative data.
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Figure 3.34: Relation between A) the slope of the binaural loudness growth and the ITD
discrimination threshold, B) average of binaural loudness summation rating scale at the upper 30
dB range of audibility and the ITD discrimination threshold.

Simple linear regression analyses were conducted to predict the slope of binaural loudness
growth function, and the average of the binaural loudness summation rating scale at the upper
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limit of audibility from the ITD discrimination threshold as the independent variables. The
analyses did not find a significant correlation between the dependent and independent variables
(slope: F(1,10) = 0.61, p = 0.46, r = 0.25; binaural loudness summation rating: F(1,10) = 1.55, p
= 0.25, r = 0.38). However, the majority of the individuals with UCHL showed a higher slope of
binaural loudness growth and a larger binaural loudness summation rating scale than the mean
control group. Perhaps a combination of abnormal ILD and ITD driven by UCHL contributed to
the abnormal loudness growth function. However, it is unclear whether the perturbed ILD or ITD
or both is the dominant factor for this abnormality.
In an earlier study, the concept of binaural loudness recruitment has been discussed (Algom et
al., 1988). This phenomenon was defined as the increased ratio of binaural to monaural loudness
at high stimulus levels when the bilateral sounds were presented with an interaural temporal
delay. Contrarily, the authors did not find a correlation between the loudness and the lateralized
stimuli as a result of the interaural amplitude difference. Therefore, it is assumed that the
abnormal loudness growth shown in the current study is attributed to the abnormal ITD rather
than ILD. Future studies are prompted with a larger sample size to support this finding.

3.3.7.3

Loudness growth perception and ABR amplitude

The level of the bilateral chirps was adjusted to provide a central image before initiating the
ABR measurements. This level modification may have applied to either good or poor hearing
ears. It was hypothesized that the abnormal binaural loudness growth affected the level
modification and was reflected in the ABR amplitude. Therefore, the relation between the wave
V amplitude elicited by bilateral chirps and the slope of the bilateral loudness growth was
determined (Figure 3.35). The circles correspond to the participants in the study group, and the
filled circles show the data of participants with moderate and moderately severe UCHL. The
triangles show the normative data, and the asterisks on the axes indicate an approximate area of
the mean normative data.

wave V amplitude with binaural
stimuli (μV)
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Figure 3.35: Relation between the slope of binaural loudness growth and wave V amplitude with
bilateral chirps

A linear regression analysis was conducted to determine if the wave V amplitude in the binaural
ABR could be predicted by the slope of the loudness growth function as an independent variable.
This analysis did not find a significant correlation between the dependent and the independent
variables (F(1, 10) = 3.57, p = 0.092, r = 0.53).
As shown in the above Figure, the slope of binaural loudness growth was within the normal range
for the participants with slight and mild UCHL. These listeners had a higher wave V amplitude
than the participants with a high degree of hearing loss. However, their wave V amplitude still is
within the lower bound of the normative data. The participants of the study group who had a steep
slope of binaural loudness growth had also a smaller wave V amplitude than the normal group.
In summary, these data suggest that the binaural loudness perception of the listeners with UCHL
could not predict the binaural ABR amplitude. This result is consistent with existing evidence
that indicates the loudness perception is not completed at the brainstem level, rather it
corresponds with the neural activation in the auditory cortex (Röhl & Uppenkamp, 2012). The
loudness perception could be also influenced by some cognitive and non-auditory factors such as
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anxiety level and the context of the experiment (Menzel, Fastl, Graf, & Hellbrück, 2008),
suggesting that the cortico-cortical connections may influence loudness perception.

3.3.7.4

Loudness growth perception and air-bone gap and age

The participants of the study group had either slight or mild UCHL or moderate and moderatelysevere UCHL. To determine if the degree of hearing loss could predict the loudness growth
function, a regression analysis was conducted between the average air-bone gap at three
frequencies of 500, 1000, and 2000 Hz with the binaural loudness growth function (Figure 3.36).
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Figure 3.36: A) Relation between the slope of binaural loudness growth and the average airbone gap at 500, 1000, and 2000 Hz, B) Relation between the slope of binaural loudness growth
and average of the binaural loudness summation rating scale across upper 30 dB of audibility.
The asterisk on the y-axis shows the approximate value of the normative data.

Although the slope of binaural loudness growth tended to increase with increased air-bone gap,
this relation did not reach significance (r =0.34, p = 0.30). Similarly, the bivariate correlation
analysis indicated that the air-bone gap could not estimate the average of the binaural loudness
summation rating scale (r = 0.51, p = 0.11). These findings suggest that conventional audiometry
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in quiet does not provide sufficient information regarding the binaural loudness perception, and
this abnormality remains undiagnosed.
The participants of the study group had an age range between 43 and 68 years old. The bivariate
correlation analysis indicated a positive but not significant correlation between age and the slope
of binaural loudness growth (r = 0.42, p = 0.19). This finding suggests that the abnormality is not
limited by age (at least the age range of the participants in this study). However, further studies
with a broader age range are recommended.

3.3.7.5

Spatial release from masking and ITD and ABR

The benefit of SRM requires differentiating the temporal information arriving the two ears.
Therefore, we assessed if the ITD discrimination threshold could predict the magnitude of
benefit of SRM. Bivariate correlation analysis of the normative data did not show statistical
relation between the ITD discrimination threshold with the benefit of SRM (r = -0.11, p = 0.51).
Further, no significant correlation was found between the wave V amplitude and latency of
binaural ABR with the benefit of SRM (amplitude: r = 0.30, p = 0.09; latency: r = -0.03, p =
0.88). Similar results were obtained for the study group (p > 0.05).
This finding suggests that the processing of binaural information to provide the advantage of
differentiating the signal from noise is not completed at the brainstem.

3.4 Discussion
The binaural sound processing of the listeners with acquired UCHL was assessed in a multipleexperiment study. The listeners performed tasks in sound-field conditions and under earphones.
Both speech and non-speech stimuli were applied to complete these experiments. The speech
stimuli in the sound-field provided the advantage of testing binaural hearing under conditions
approximating real-world listening. On the other hand, presenting the non-speech stimuli in
sound-field and through the earphones allowed us to test binaural hearing under experimental
conditions with specified parameters.
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The participants of the study group were invited from the population with acquired unilateral
conductive hearing loss (UCHL). Due to the late onset of the hearing loss, it was assumed that
the binaural hearing of the listeners was not affected by immaturity of the auditory pathway due
to lack of sound exposure during the development that might be caused by childhood hearing
loss.
Conductive hearing loss (CHL) was a pragmatic pathology for this study since the hearing
deficiency caused by the CHL could be reversed by medical intervention and managing
produced obstruction against the sound transmission. It has been traditionally believed that the
pure conductive hearing loss does not affect the central nervous system. However, research
studies have provided extensive evidence regarding the neural plasticity following the sensory
deprivation.
Several previous experiments have assessed the effect of the UCHL on a mature auditory system
by unilateral earplugging. The results of the current study showed some differences in addition to
similarities with those of earplugging experiments.
The earplug experiments were conducted on normal-hearing listeners, and therefore, wearing the
earplug or earmold produced an acute hearing loss. Contrarily the UCHL caused by a disease
(e.g. otosclerosis) usually produces a progressive hearing loss and may enable the listener to
gradually adapt to the new binaural cues.
The earplug is worn for a short amount of time between 10 hours (Decker & Howe, 1981) to 49
days (Van Wanrooij & Van Opstal, 2005) which is an insufficient time for the listeners to adapt
with the novel induced binaural cues. However, UCHL driven by an ear disease may last for
years producing the opportunity for experiencing various auditory scenes with diverse contextual
circumstances in daily life to relearn the sound specifications.
Given these differences, only some but not all findings of the earplug studies could be applied
toward interpretation of the experiment-specific results obtained from the current study.
Sound localization: We showed that the listeners with UCHL had more localization errors in the
good hemifield even when binaurally audible sound was presented. The stimulus level was
adjusted to compensate for the hearing loss of the poor hearing ear, resulting in a successful
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localization on the poor hearing side, with the reciprocity of a perturbed performance on the
good hearing side. A similar finding was reported after inducing an acute UCHL with an earplug
(Van Wanrooij & Van Opstal, 2007). The normal physiological ILD that is caused by the head
shadow effect for sources at an extreme lateral position is approximately 20 dB (Van Wanrooij
& Van Opstal, 2004), but the ILD that is caused by a disorder-driven UCHL and by an earplug is
much higher than this level. When the sound is audible for both ears in UCHL, it is perceived as
louder by the better hearing ear than by the poor hearing ear. This level difference is different
than the normal interaural level difference, and therefore, results in incorrect localization for the
targets in the good hemifield.
Van Wanrooij and Van Opstal (2005) did not assess the secondary performance of their
participants following the adaptation to the new binaural cues. Our data indicated that the
individual differences could alter the typical expectations regarding the localization performance
following the impairment of binaural cues. It has been shown that the ability of the auditory
system to relearn new binaural cues after wearing a unilateral earplug depends on the level of the
hearing loss, and only minimal adaptation may occur when more than 35 dB asymmetry is
produced by unilateral occlusion (McPartland, Culling, & Moore, 1997).
The errors of the listeners with mild UCHL were modest. This different result could be due to
less asymmetry in hearing thresholds that resulted in the lower required compensation for sound
level, or due to the ability of the listeners to adapt to the new binaural cues. The lower-intensity
stimulus may have been the factor responsible for the increase in the accuracy of the
performance of these listeners. With a low stimulus level, monaural spectral cues enable adult
listeners with UCHL to locate the target sound (Van Wanrooij & Van Opstal, 2007). While the
earplug diminishes or eliminates the spectral cues of the plugged ear, these cues are available
bilaterally for listeners with a disorder-driven UCHL.
We found that the ambiguity of front/rear targets affected the localization performance of the
listeners with UCHL who had a high degree of hearing loss. These listeners achieved less benefit
from dynamic cues than those with mild UCHL. The temporal information that is achieved by
low-frequency dynamic cues is salient for locating a sound source during head rotation
(Macpherson, 2013). Given that the major etiology of hearing loss in our study cohort is
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otosclerosis, the low-frequency sensitivity is more vulnerable than the high frequencies
(Peacock, Dirckx, & Von Unge, 2015; Redfors, 2013). Therefore, the advantage of dynamic
interaural cues is reduced and minimal improvement in performance is obtained.
Spatial release from masking: The SRM in the current study provided a benefit of about 5 dB for
the normal-hearing listeners, such that the average SNR of -4 dB in the collocated condition
improved to about -9 dB when the noise source moved to either side. This finding is consistent
with the earlier literature that reported a benefit of about 3 to 8 dB for speech intelligibility in
noise when speech and noise were spatially separated (Bronkhorst & Plomp, 1988). The
asymmetrical benefit of SRM for the listeners with UCHL that was observed in the current study
is associated with the head shadow effect and is consistent with the previous reports (Gray et al.,
2009; Sargent, Herrmann, Hollenbeak, & Bankaitis, 2001). This asymmetry is more evident for
the moderate than for the mild UCHL participants.
The predictability of the benefit of SRM from cortical evoked potentials has been reported
recently (Papesh, Folmer, & Gallun, 2017). However, in the current study, we showed that
brainstem responses elicited by a binaural stimulus could not predict the benefit of SRM. One
explanation for this finding could be related to the level of binaural processing for this task
which is completed higher in the auditory pathway than the brainstem. Furthermore, differences
between the methodologies of these two studies may have caused this contradictory finding.
While the earlier study conducted the experiment via earphones and a word detection task in
multi-talker background noise, in the current study, the stimuli were presented in the sound-field
where there is less control over the signal components, and the task required sentence-level
speech intelligibility in stationary speech-shaped noise. The latter suggests that our experiment
involved the cognitive abilities of the listeners.
ITD discrimination threshold: The abnormally high ITD discrimination thresholds found in the
study cohort relative to the control group may be explained by their hearing loss. A metaanalysis has shown that the effect of age on binaural temporal fine structure processing is more
evident when hearing thresholds are above 30 dB HL (Füllgrabe & Moore, 2018). The aim of
performing the Right-Left discrimination task in a zero ILD condition for UCHL group
participants was not achieved simply by adding a certain level of sound to the poor hearing ear,
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and further adjustments were required to produce a centre image. These additional adjustments
that were made based on the loudness may have disrupted the relation between ILD and ITD that
normally existed in binaural symmetrical hearing, and required trading between ILD and ITD to
produce a centred image. This has been named as time-loudness trading mechanism (Mulligan,
Faupel, Goodman, & Gleisner, 1985). Our finding is aligned with an earlier study that reported
poor scores of the patients with unilateral otosclerosis to discriminate signal from noise under
equal sensation level (Hall et al., 1990).
Another explanation could be related to the abrupt changes in the binaural sound level relative to
the daily listening condition. Given that these listeners commonly experienced asymmetrical
hearing in their daily life, equalizing the bilateral sound levels at the moment would not provide
sufficient time for the acclimatization and therefore the results could still deviate from the
normative range. This argument could be supported by the finding that two participants with
moderate UCHL were hearing aid users and had a better ITD thresholds than the other peers.
Binaural loudness summation:
The loudness growth function for the participants with UCHL in the monaural conditions was in
agreement with the conventionally defined pattern of loudness growth for this population.
Parallel loudness growth to the normal hearing ear was shown with a delayed audibility onset
that corresponded to the air-bone gap. It has been already shown that under monaural condition,
the loudness discomfort level in individuals with UCHL is higher than for normal-hearing
listeners (Liu & Chen, 2000). Our data indicated that the loudness growth in the bilateral
presentation had a steep slope pattern at higher levels compared to the control group. This result
is in contrast with the findings of Culling & Dare (2016) and Epstein & Florentine (2012) who
indicated that loudness constancy remained unchanged when the listeners blocked one ear in an
experimental situation. It is also noteworthy that our data is not fully comparable with the study
by Culling & Dare (2016). Because simply blocking one ear at the time of the experiment is not
a good model for the progressive hearing loss that occurred for the majority of our participants.
Meanwhile, our experiment was conducted via earphones, as opposed to the study by Culling &
Dare (2016) that was performed in sound-field. Supportive evidence for this discussion is the
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difference between the performances of the listeners with moderate versus mild UCHL in the
current study, as the former group had poorer performance than the latter group.
Changes in middle ear mechanics in addition to reduced admittance might also have contributed
to abnormal binaural loudness summation results in the UCHL group; it is unclear whether the
participants were receiving the bilateral stimuli with a zero ITD in the presence of the conductive
component in one ear. The assumption for perceiving lateralized stimuli despite diotic presentation
is driven by the fact that the major etiology of hearing loss in this study cohort was otosclerosis, a
disease that perturbs the natural stiffness of the middle ear, and interferes with the normal
movement of the middle ear ossicles. Artificial fixation of the stapes footplate with different
degrees on human temporal bone has been studied and results indicate that the velocity of the
stapes could be affected differently as a function of the level of fixation (Peacock et al., 2015).
Furthermore, the increased stiffness driven by the immobilization stapes alters the middle ear
transfer function (Dobrev, Sim, Aqtashi, Huber, Linder, & Röösli, 2018). Therefore, it is expected
that this anatomical and physiological asymmetry disrupt the temporal information that was
nominally presented with zero ITD. The effect of lateralized stimuli on binaural loudness
summation was discussed in earlier literature and indicated that the binaural loudness summation
increases as a function of increasing ITD (Algom et al., 1988). This phenomenon was defined as
binaural loudness recruitment (Algom et al., 1988).
It is also noteworthy that individual differences in interpreting the finding of binaural loudness
summation should be considered. In our study, abnormal binaural loudness summation was more
evident in the group of participants who had a larger degree of asymmetry in their hearing
sensitivity. Reanalyzed literature that assessed the loudness growth function of individuals with
hearing loss has indicated that making an average from data with large variability could
potentially disorient the conclusion (Marozeau & Florentine, 2007). A significantly steeper
loudness growth function than for normal listeners has been also reported for individuals with an
asymmetrical sensorineural hearing loss (Knight, & Margolis, 1984). This may indicate that
asymmetrical hearing is the dominant factor in abnormal binaural loudness perception.
Auditory Brainstem Response Binaural Interaction Component: Abnormal interaction of the
auditory inputs at the brainstem level was shown in the driven binaural interaction component in
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our study cohort. We presented bilateral sounds diotically. However, the attempts toward
equalizing the binaural sounds for the UCHL participants to produce a central image may have
resulted in disrupting the binaural cues instead.
The aim of eliciting the ABR with diotic stimulation was to produce the largest BIC, as has been
done in previous studies (Riedel & Kollmeier, 2002a, 2002b). In the same vein, time-intensity
trading stimuli and lateralized stimuli with non-zero ILD or ITD diminish the ABR amplitude
and reduce the BIC amplitude (Riedel & Kollmeier, 2002a, 2006). The alteration in the BIC
manifests as attenuation in the peak amplitude, with the largest value for diotic and trading
stimuli to a minimum amplitude for synergistic stimuli (Riedel & Kollmeier, 2002a, 2006).
Therefore, it is assumed that the processing of the ILD and ITD in the brainstem is not
independent and this process involves both Excitatory-Excitatory (EE)-cells and InhibitoryExcitatory (IE)-cells (Riedel & Kollmeier, 2002a).
By assuming that otosclerosis produces a delay in sound transmission to the cochlea, as was
discussed in binaural loudness summation section, and considering the elevated ITD
discrimination threshold of the study cohort shown in our psychoacoustic experiment, the
stimulus levels that were initially adjusted for binaural presentation may have resulted in
delivering a synergistic presentation rather than diotic presentation. Further level adjustment was
attempted based on the subjective judgment to produce a centred image. This adjustment may
have resulted in presenting a trading stimulus in which ILD and ITD point toward the opposite
direction. However, the DN1 amplitude remained smaller than the acceptance criterion. The
trading effect on the BIC amplitude that was explained in the earlier study (Riedel & Kollmeier,
2002a), was obtained by 400 µs ITD, and 12 dB ILD with click stimulus in young adult listeners.
This effect may have a different representation with chirp that was used in the current study in
middle age and older adults. This experimental factor in addition to age-dependent changes in
brainstem binaural interaction that was reported earlier (Van Yper et al., 2016) may explain
diminished ABR BIC amplitude in some participants of our study cohort.
We found the DN1 only for one participant with UCHL (L231). Two hypotheses may explain
this distinct result. First, this participant had the smallest ITD threshold in the study group.
Therefore, the fused sound in bilateral presentation was obtained in a more central position than
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the others. Noteworthy is that she was not the youngest participant in the study group. Therefore,
the effect of age on ABR binaural interaction (Van Yper et al., 2016) was unlikely the reason for
missing DN1 in remaining participants. Second, inter-individual variability is expected for the
BIC amplitude that we discussed in Chapter 2. Consistently with this finding, (Riedel &
Kollmeier, 2006) reported a maximal BIC amplitude with lateralized stimuli in some of their
subjects. This participant was scheduled for stapes surgery and the post-operative results will be
discussed in the next Chapter.
Another explanation for the null or minimum BIC amplitude in the UCHL group could be the
reduced amplitude of the parent ABR relative to the control group. Contribution of the wave V
peak amplitude to the amplitude growth function of the BIC has been documented earlier (Riedel
& Kollmeier, 2002b). The effect of UCHL on the ABR amplitude has been shown in a
histological study (Hutson et al., 2009). The study indicated that unilateral mild conductive
hearing loss in adult gerbils reduced glucose uptake in the AVCN, SOC, and IC, and decreased
the output of these nuclei asymmetrically. Consequently, the authors showed that this
downregulation disrupted the balance of excitatory and inhibitory activity and resulted in
reduced wave V amplitude.
A contradictory finding was shown in a recent study (Parry, Maslin, Schaette, Moore, & Munro,
2019). These authors reported an increased amplitude of cortical auditory evoked potentials in a
group of listeners with chronic unilateral conductive hearing loss. They discussed that this could
be due to changes in the central gains and disruption of the binaural hearing mechanism.
Increased central gain has been also considered for individuals who experience tinnitus (Sedley,
2019; Auerbach, Rodrigues, & Salvi, 2014).
The numerical values of the wave V amplitude in the current study showed that the amplitude of
the binaural ABR was either similar to or higher than the summed monaural ABR for the UCHL
group. This is in complete contrast with the concept of the binaural hearing mechanism. Since
this finding was observed in almost all participants with UCHL (with the exception of L231), it
is assumed that binaural interaction at the brainstem is diminished due to the asymmetrical
hearing sensitivity, regardless of the duration and the severity.
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The prolonged wave V latency in our study group relative to the control group is consistent with
the earlier reports (Ferguson et al., 1998). The prolonged ABR latency was recorded with stimuli
that produced comfortable loudness. This result may suggest possible neural plasticity as a result
of chronically declining sensory input. Some examples of these changes have been reported
earlier such as decreasing the number and size of active neurons following acoustic attenuation,
decreasing neural synchronization along the auditory pathway, and reducing synaptic efficacy
and neural connectivity in the auditory brainstem (Clarkson et al., 2016; Grande, Negandhi,
Harrison, & Wang, 2014; Liberman, Liberman, & Maison, 2015). Considering that the ABRs
measured on midline do not include the earlier peaks (see Figure 2.5), the current C7 channel
data are insufficient for discussion regarding neural plasticity in the caudal brainstem.
Conclusion:
We showed that abnormal binaural loudness growth did not affect the ABR amplitude. As was
discussed in Section 3.3.7.3, loudness perception involves cortical functions and is not completed
at the brainstem level (Röhl, Kollmeier, & Uppenkamp, 2011). Therefore, despite the correlation
between the stimulus intensity and the ABR amplitude (Sininger, 1993), such interaction may
not necessarily be observed between the loudness and ABR amplitude.
The findings of this study support our hypothesis that binaural hearing abilities are disrupted
when conductive hearing loss occurs unilaterally during adulthood. This disruption occurred
regardless of the duration and severity of the hearing loss and of the age of the study participants,
and it compromised binaural hearing abilities behaviorally and neurologically. Considering
between-subject variability, some individuals may be able to adapt to disrupted binaural cues
when the hearing loss lasts for several years. This adaptation in addition to the maturity of the
auditory pathway that was achieved during development may enable the listeners to perform
some of the binaural hearing tasks successfully. However, residual abnormalities were observed
in some other tasks:
-

Sound localization ability may be affected depending on external factors such as the
stimulus specifications and internal factors such as degree of hearing loss. Adaptation to
new spatial cues may occur for mild UCHL and chronic moderate UCHL (lasting more
than 7 years).
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-

Binaural difference cues are disrupted even with mild UCHL that lasted for a few years.
The findings suggest that amplification on the impaired side may assist hearing
symmetrically and protect the central system from further changes due to unilateral
acoustic attenuation.

-

Binaural sounds at least at higher levels are perceived louder than normal-hearing
listeners. Participants with moderate UCHL are more vulnerable to this than those with
mild UCHL. This abnormality could not be detected by standard audiometry.

-

The spatial release from masking produces less benefit for speech intelligibility of the
listeners with UCHL than normal-hearing listeners. The advantage remains subnormal
even by moving the noise source toward the poor hearing ear. Adaptation to the longlasting UCHL does not resolve this difficulty.

-

ABRs are delayed in latency and reduced in amplitude for moderate UCHL. Binaural
interaction at the rostral brainstem is diminished or eliminated even with mild UCHL.

Furthermore, clinicians may provide suggestions regarding the benefit of spatial release from
masking (SRM) and that directing the target sound toward the good hearing ear could improve
speech intelligibility in noise, but that the benefit could be reduced as the hearing loss increases.
Given the small sample size, a broad conclusion from the findings of this study should be
tempered in light of further investigations with a larger sample size.
We monitored five participants of this study for about one year following corrective surgery to
assess the possibility of reversing the challenges of binaural hearing that these patients
experienced. The results will be discussed in the next Chapter.
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Chapter 4

4

Experiment III: Binaural hearing abilities of listeners with
unilateral otosclerosis before and throughout one year
following corrective surgery

4.1 Introduction and motivation
Asymmetrical acoustic inputs due to abnormalities in the peripheral auditory system alter
perception of sound specifications and induce central plasticity. The result of this alteration
manifests as impaired performance in binaural hearing tasks that require integration of monaural
inputs.
As was shown in Experiment II, participants with late-onset unilateral conductive hearing loss
(UCHL) showed disrupted performance in various aspects of binaural hearing tasks. The
listeners with moderate and moderately severe hearing loss had higher vulnerability to distorted
binaural hearing than those with mild UCHL. These findings suggest that the degree of UCHL
determines the extent to which these abilities are affected.
Several investigators have attempted to assess the potential of a mature auditory system for
recovery of normal function after reduction of UCHL. Some examples of neurological and
histological changes following intervention for the unilateral hearing loss were discussed in
Chapter 1, Section 1.4.3.
The functional aftereffect of monaural blockage in guinea pigs was reflected in deficits in sound
localization that lasted for weeks (Clements & Kelly, 1978). Reversible unilateral conductive
hearing loss in humans was generated by wearing an earplug temporarily. Sound localization
ability was disrupted after and during one week of earplug use, but was restored immediately
after plug removal (Kumpik et al., 2010). Wearing a unilateral earmold for a duration of up to 49
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days also did not induce any aftereffect, and all participants regained their pre-plug localization
ability immediately after the earplug removal (Van Wanrooij & Van Opstal, 2005).
As was discussed in Chapter 3, Section 3.4, there are some limitations in translating the results of
the earplug studies for interpreting the changes caused by chronic diseases.
Psychoacoustic studies on patients with unilateral otosclerosis have indicated that discriminating
a signal from background noise remained significantly different than the control group at 3
months after complete correction of the hearing loss; this performance had improved in some but
not all patients at a one year post-operation follow-up (Magliulo et al., 1990). Another study
showed that the ability of the patients to detect a signal in noise after stapes surgery could not be
predicted from their performance before the surgery (Hall et al., 1990). In an earlier study of
unilateral otosclerosis patients, a persistent abnormal loudness balance between the two ears after
stapedectomy that lasted for months was reported (McCandless, & Goering, 1974).
These results indicate that restoring normal hearing sensitivity in quiet after treatment of UCHL
in adults does not necessarily restore normal binaural hearing abilities.
There exists a considerable body of literature on the advantages of correcting unilateral
conductive hearing loss initiated during the development (e.g. Frenzel, 2018; Byun, Moon,
Woo, Jin, Park, Chung, Hong, & Cho, 2015; Wilmington et al., 1994; Firszt, Reeder, Holden,
Burton, & Chole, 2013; Gray et al., 2009; Kesser, Cole, & Gray, 2016). On the other hand,
studies that have been conducted on the adult population with late-onset unilateral conductive
hearing loss have addressed only a specific binaural hearing function or a short-term effect of
recovery.
A few studies have documented the benefits of training to improve performance in binaural
hearing tasks during or after earplug removal (Kacelnik et al., 2006; Keating, Nodal, & King,
2014; Kumpik et al., 2010). To maximize the training-induced improvements, it is necessary to
develop a relevant task and to apply the appropriate material that addresses the main deficiency
in binaural hearing. Therefore, a critical prerequisite to approaching this aim is to develop a
broad scope of knowledge regarding the existing deficit.
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Therefore, the following question motivated us to conduct the current experiment:
-

Is the abnormal binaural hearing ability caused by late-onset unilateral conductive hearing
loss restored spontaneously within one-year after corrective surgery?
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4.2 Methodology
The data of this study are presented using a case series approach (Morgan & Morgan 2009).
Therefore, the results of each subject will be discussed individually.

4.2.1

Participants

Six participants from the study group of Experiment II were among the patients of the University
Hospital (UH), London, ON, where they registered for corrective middle-ear surgery due to
otosclerosis. The potential candidates were selected based on their existing audiogram and
hearing thresholds of up to moderately severe deficits in the poor side (≤70 dB HL at 500 to
4000 Hz) and normal or near-normal hearing in the opposite ear.
Table 4.1 summarizes the demographic information of the participants. During the initial visit for
the study, these patients consented to participate in the follow-up appointments. One of the six
patients (L218) was excluded from the follow-up study due to medical complications during the
surgery. The remaining five patients had an age range between 50 to 68 years old.
Three patients had bilateral otosclerosis, and their hearing in one ear had been recovered via
previous stapes surgery. Patient L206 had the second stapes surgery on her left ear 8 years before
the study, but a device failure resulted in her having experienced 8 months of UCHL on that side
at the time of participation in the study. Patient L231 had bilateral otosclerosis up to about one
year before with approximately recovered hearing in the right ear following previous stapes
surgery, was wearing hearing aids for about 8 years before participation in the study, and
continued wearing the hearing aid for the opposite ear after stapedotomy. Patient L229 had
recovered normal hearing after stapes surgery for her unilateral otosclerosis on the right ear 5
years before participation in the study. This patient was diagnosed with hearing loss in the left
ear due to the sequential incidence of otosclerosis about 1 year before participation in the study.
She started wearing a hearing aid about 6 months before her first visit to the study. Patient L194
had left-ear otosclerosis that was diagnosed about 7 years before participation in the study and
had been wearing a hearing aid on that ear for the past 5 years. Patient L183 was diagnosed with
unilateral otosclerosis more than 10 years previous to the study, and did not have any

182

experiences of amplification for that side. This patient had a noisy workplace and had to wear
hearing protection devices many hours a day.
All operations were performed through the ear canal by one otolaryngologist at UH under
general (n=4)/ local (n=1) anesthesia. During the surgery, the tendon of the stapedius muscle was
cut and the stapes was down fractured and removed from the ear canal. A stapedotomy was
drilled into the stapes footplate with a surgical drill. A consistent prosthetic device (4.5 mm
Eclips De La Cruz piston) was applied for all patients, and the prosthesis was hand/heat crimped
on to the incus. For one patient (L206) who had an implant failure, the older device was removed
and was replaced with a new one.
The results of this study were compared with the preoperative data of the same patients that were
collected in the month of their surgery, as explained in Chapter 3. Meanwhile, the individual data
were compared with the data of an age-range matched control group. The participants in the
study group ranged in age between 50 and 68 years old. The control group for this study included
all individuals from the participants of Experiment II who were 50 years and older (1 male, 6
females, age range between 51 and 71 years old). Among the control group participants of the
previous study, these seven participants were closest in age to each of the study group
participants of Experiment III. The effect of age has been shown on the processing of binaural
temporal fine structure (Füllgrabe & Moore, 2018; Füllgrabe et al., 2018), sound localization
(Freigang, Richter, Rübsamen, & Ludwig, 2015), brainstem binaural interaction (Van Yper et al.,
2016), and benefit of spatial release from masking (Zobel, Wagner, Sanders, & Başkent, 2019).
Therefore, the extent to which the binaural hearing abilities of the study group were recovered
following the treatment was determined relative to the age-range matched normal-hearing
listeners.
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ID

L206

L231

Gender

f

f

Age
(yr)

51.5

58.3

Poor
ear

L

L

Hand
edness

R

L

Duration of
unilateral
hearing loss

Conductive
component

Hearing/
ear status

<1 year

Severe to
moderately
severe

<1 year

Duration of
hearing aid use

Prosthesis type

Surgical procedure

normal bilateral
hearing for 8 years
before Left prosthesis
failure

Never

Old prosthesis: 4.25
mm Richards Teflon
Piston Platinum
New prosthesis: Eclips
De La Cruz piston

Revision 10 months
after the failure of the
first stapedotomy via
diamond drill

Moderate

25 years of bilateral
otosclerosis- 1st
stapedotomy 8 years
ago

In the past 8 years
& after the 1st
surgery

4.5 mm Eclips De La
Cruz piston

Initial stapedotomy
via Grace Medical
Dragonfly drill

Sequential
otosclerosis after
stapedotomy in the
right ear

In the past 6 months
relative to
participation

4.5 mm Eclips De La
Cruz piston

Initial stapedotomy
via Skeeter drill

L229

f

50.0

L

R

~1.5 years

Moderately
severe to mild

L194

m

68.0

L

R

8 years

Moderately
severe to
severe

Unilateral
otosclerosis

In the past 5 years
relative to
participation

4.5 mm Eclips De La
Cruz piston

Initial stapedotomy
via Skeeter drill

L183

m

68.6

R

L

>10 years

Moderately
severe to
severe

Unilateral
otosclerosis

Never

4.5 mm Eclips De La
Cruz piston

Initial stapedotomy
via Skeeter drill

Table 4.1: Demographic information of the study group
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4.2.2

Measurements

A similar methodology to Chapter 3 was applied to complete the follow-up assessments. The
experiments included air and bone conduction audiometry, sound localization, Hearing In Noise
Test (HINT), assessment of interaural time difference (ITD) discrimination threshold, binaural
loudness summation, and auditory brainstem responses. The test rooms and equipment setup of
the experiments were identical to Experiment II.
For the convenience of participants, the study timeline was arranged to correspond with their
post-operative appointments at the hospital, which are typically scheduled at 2 months and 14
months after the stapes surgery. An optional visit at 6-month post-surgery was also offered to the
patients for this study. All but one patient (L206) were available to attend this additional visit.
The session was split in half for two patients, who completed the experiments before and after
their hospital appointment.

4.3

Results

The follow-up sessions were scheduled for the participants at the end of each visit and are shown
in terms of the number of days after the surgery in Table 4.2.

Table 4.2: Post-operation assessment scheduling: number of days after surgery
ID

Post-Op 1 (days)

Post-Op2 (days)

Post-Op3 (days)

L206
L231
L229
L194
L183

78
60
73
78
88

N/A
186
205
210
244

443
382
445
438
439
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4.3.1

Hearing threshold measurements

Air and bone conduction thresholds were measured for all participants. Figure 4.1 illustrates the
average hearing thresholds across the octave band and mid-octave band audiometric frequencies
for the control group. The hearing thresholds for the control group were no more than 25 dB HL
with interaural differences no more than 10 dB between 250 to 4000 Hz. The interaural
difference was 15 dB at 6000 and 8000 Hz for two individuals.
Frequency (Hz)
250

500

750 1000 1500 2000 3000 4000 6000 8000

-10
0
10

Threshold (dB HL)

20
30
40
50
60
70
80
90

100
110
120

Figure 4.1: Mean ± SD of audiometric thresholds for the control group.

The audiometric thresholds at pre- and post-operative appointments of the patients are shown in
Figures 4.2, 4.3 and 4.4. Each row includes the results of the audiometric assessments for one
patient, including the pre-operative results in the most left-hand side to the latest post-operative
results in the most right-hand side. On each audiogram, red and blue symbols illustrate the air
conduction thresholds of the right and left ears, respectively. The diamond symbols indicate bone
conduction thresholds of the poor hearing ear. Masking for air and bone conduction threshold
measurements were applied when required.
As shown on the audiograms, the maximum improvement in air conduction thresholds of the
impaired ear was observed in the first post-operative appointment for all patients. Gradual
improvements were associated with the air-bone gap closure over the follow-up sessions.
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Symmetrical hearing thresholds were measured by the end of the study for three patients (L206,
L231, and L229). Patient L194 experienced a gradual improvement in hearing thresholds, but a
slight asymmetry (15 to 20 dB) across frequencies remained at the end of the study. For patient
L183, equal hearing thresholds were measured to 3000 Hz and asymmetries in thresholds of
about 20 dB were observed at 4000 to 8000 Hz.
There was also an improvement in bone conduction thresholds at high frequencies, and this
improvement was more dominant at 2000 Hz with a range of 10 to 20 dB. These changes
occurred gradually throughout the study period (Figure 4.5). Improvement in bone conduction
thresholds has been reported previously 4 weeks after surgery with no further follow-up
(Abdelghaffar et al., 2010). This result suggests that the patients may achieve a gradual benefit of
improving the resonance of the middle ear as a result of the corrective surgery.

187

Pre-Operation

Post-Operation 1

Frequency (Hz)

Threshold (dB HL)
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0
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120

L206

Threshold (dB HL)

250 500 750 1000 1500 2000 3000 4000 6000 8000

L231

Post-Operation 3

Frequency (Hz)

Frequency (Hz)

250 500 750 1000150020003000 400060008000
250 500 750 1000 1500 2000 3000 4000 6000 8000
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0
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120

Absent

L206B

Frequency (Hz)
-10
0
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Post-Operation 2
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Frequency(Hz)
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20 20
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120 120

L231B

-10
0
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90
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110
120

L231C

L206D

Frequency (Hz)
250 500 750 1000 1500 2000 3000 4000 6000 8000

-10
0
10
20
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40
50
60
70
80
90
100
110
120

L231D

Figure 4.2: Pre- and Post-operative audiogram for patients L206 and L231. Patient L206 was not available for a 2nd Post-Op
assessment.
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Pre-Operation

Post-Operation 1

Threshold (dB HL)
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90

100

L194

100

L194B

100

90

L194C

100

110

110

110

110

120

120

120

120

Figure 4.3: Pre- and Post-Operative audiogram for patients L229 and L194
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Figure 4.4: Pre- and Post-operative audiogram for patient L183
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Figure 4.5: Bone conduction thresholds across test sessions for each patient. Pre-operation, Post-operation1, Post-operation2, Postoperation3
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4.3.2

Sound localization

Sound localization was assessed with the same procedures as for the pre-operation assessment
that was explained in Chapter 3 and the results of the pre- and post-operation assessments were
compared for each individual in comparison with the newly defined age-range matched control
group.

4.3.2.1

Task 1: sound localization accuracy

Short-duration stimuli:
Figure 4.6 shows the response-target plot of the individuals in the control group for localizing
short-duration bandpass noise (200 ms, 250 - 8000 Hz). On the x and y axes, positive and
negative values correspond to the right and left hemifields, respectively. The diagonal black line
represents the reference line for a perfect response.

Left hemifield
Slope: 0.86±0.13
Scatter: 10.85±2.52
Overshoot: 8.33±6.15

Right hemifield
Slope: 0.93±0.13
Scatter: 10.25±3.62
Overshoot: 5.01±2.95

Figure 4.6: Response-target plot for localizing short-duration stimuli by the control group. Mean
± SD specifications of the responses on the Right and Left hemifields are shown on the plot.
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A regression line was fit to the corresponding responses in the right and left hemifields for each
individual, excluding targets at 0, 180, and ±90 degrees. As was discussed in Chapter 3, Section
3.3.2.1, the three variables Slope of the regression line, Scatter about the regression line, and
Overshoot were analyzed for the responses of each participant. The mean ± SD for the measured
values of the age-range matched control group was calculated and is shown on the above plot.
Paired-sample t-tests compared the computed variables between the two hemifields, and the
results indicated that there were no significant differences between right- and left-target
responses for Slope (mean ± SD: R: 0.93 ± 0.13; L: 0.86 ± 0.13; t (6) = 0.93, p = 0.39), Scatter
(mean ± SD: R: 10.25 ± 3.62; L: 10.85 ± 2.52; t (6) = -0.44, p = 0.68), and Overshoot (mean ±
SD: R: 5.01 ± 2.95; L: 8.33 ± 6.15; t (6) = -1.75, p = 0.13). Therefore, the variables of the right
side were combined with the corresponding variables on the left side and an average for each
variable was calculated to create one single number for Slope (0.89 ± 0.13), Scatter (10.55 ±
3.01), and Overshoot (6.67 ± 4.94).
For the study group, stimulus levels were adjusted to ensure audibility in the poor/newly
operated ear as shown in Table 4.3.
Table 4.3: Stimulus level for sound localization experiment (dB (A))
ID

Pre-operation

Post-operation 1

Post-operation2

Post-operation3

L206
L231
L229
L194
L183

80
80
70
70
75

60
65
60
65
60

Absent
60
65
60
60

55
60
60
60
50

The responses of the study group are shown in Figures 4.7 and 4.8. The data of each individual
are shown in a row with the pre-operative data on the most left-hand side and the latest postoperative data on the most right-hand side of the figure. The pre-operative data were already
shown in Chapter 3 and are repeated here for comparison. The diagonal black line indicates the
reference line and the red and blue lines represent the regression lines for responses to targets in
the right and left hemifields, respectively. The poor hearing ear is indicated on the pre-operative
plot.
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Pre-Operation
Poor side
SL: 1.51
SC: 35.99
OV: 4.71

Post-Operation 1
SL: 0.95
SC: 12.89
OV: 12.00

Absent

SL: 1.05
SC: 9.78
OV: 3.02

SL: 0.99
SC: 17.85
OV: 13.85

Poor side
SL: 0.85
SC: 10.88
OV: 15.94

SL: 1.01
SC: 9.30
OV: 3.52

SL: 1.05
SC: 8.37
OV: 5.93

SL: 1.08
SC: 6.90
OV: 3.86

SL: 1.08
SC: 7.29
OV: 3.56

SL: 0.95
SC: 7.49
OV: -6.94

SL: 1.03
SC: 16.19
OV: 9.64

Post-Operation 3

SL: 1.00
SC: 9.41
OV: 5.76

SL: 0.14
SC: 27.22
OV: 22.94

Poor side
SL: 1.05
SC: 8.85
OV: 4.65

Post-Operation 2

SL: 0.92
SC: 14.45
OV: 6.88

SL: 0.91
SC: 6.21
OV: 4.23

SL: 0.95
SC: 5.53
OV: 4.62

SL: 0.64
SC: 9.12
OV: 1.97

SL: 0.88
SC: 12.00
OV: 6.36

SL: 1.16
SC: 7.33
OV: 8.95

SL: 0.75
SC: 14.60
OV: 9.72

SL: 0.88
SC: 8.83
OV: 9.92

Figure 4.7: Response-target function in localizing short-duration bandpass filtered stimuli for the patients L206, L231, and L229.
Each row corresponds to the responses of one patient. SL: slope, SC: scatter, OV: overshoot
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Pre-Operation
Poor side
SL: 1.06
SC: 11.23
OV: 3.08

Post-Operation 1

SL: 0.99
SC: 8.20
OV: 2.63

SL: 0.83
SC: 10.43
OV: -1.52

Poor side
SL: 0.70
SC: 9.56
OV: 3.04

SL: 0.95
SC: 5.37
OV: 2.53

SL: 0.94
SC: 12.22
OV: 6.88

SL: 0.93
SC: 10.77
OV: 3.52

Post-Operation 3

SL: 0.94
SC: 10.44
OV: 10.15

SL: 0.75
SC: 12.39
OV: 10.76

SL: 1.22
SC: 9.84
OV: 3.02

SL: 0.45
SV: 13.09
OV: 20.67

SL: 0.77
SC: 9.76
OV: 6.96

Post-Operation 2

SL: 0.98
SC: 9.49
OV: 3.13

SL: 1.09
SC: 7.71
OV: 7.78

SL: 0.81
SC: 10.25
OV: 3.23

SL: 090
SC: 9.06
OV: -0.76

Figure 4.8: Response-target function in localizing short duration bandpass filtered stimuli for the patients L194 and L183. Each row
corresponds to the responses of one patient. SL: slope, SC: scatter, OV: overshoot

The variables of Slope, Scatter, and Overshoot for localizing short-duration stimuli for each patient were compared across the study
period. The results are shown in Figure 4.9. On each plot, the data of the poor hearing hemifield are shown on the left side, and the
data of the good hearing hemifield are shown on the right side. The shaded area with the horizontal dotted line on each plot indicates
the Mean ± SD of the data for the control group.
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Figure 4.9: Performance of the patients for localizing short-duration stimuli throughout the study period. The shaded area on each plot
shows mean ± SD of the age-range matched control group
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As shown in Figure 4.9, the patients varied in their performance throughout the year following
the surgery:
-

L206: The relatively flat slope of the regression line on the good hearing side that was
measured preoperatively showed that the acute onset of UCHL due to the device failure
degraded the ability of this patient to localize the short-duration sounds on that side.
Unlike the lack of adaptation with the asymmetrical hearing over the eight months of
experiencing UCHL, the patient achieved a quick recovery in this task following the
corrective surgery. The minimal positive overshoot from the targets on the poor hearing
side at 2 months after surgery may suggest that the patient required additional hearing
experience with the symmetrical hearing to correct the error.

-

L231: Although the slope of the regression line was within the normal range in both
hemifields pre-operatively, the responses were scattered about the targets on the goodhearing side. This erroneous function was recovered shortly after the surgery and up to 6
months but the scattered responses increased again during the final visit. This result
suggests that the patient would have difficulty locating a sound that does not last for a
long time.

-

L229: The normal slope with scattered responses on the good hearing side preoperatively suggested that the patient was experiencing difficulty on the good hemifield
in localizing the sounds that were audible for both ears. This difficulty was partially
resolved at 2 months after the surgery but required a longer duration to resolve on the
opposite (newly operated) side. Localization accuracy on the side of the newly operated
ear improved and remained consistent at 6 months post-operation visit. This patient had a
sequential onset of otosclerosis; hearing loss developed in the left ear opposite to the first
operated ear prompting her to wear a hearing aid on the left side shortly after the
diagnosis. She continued wearing the hearing aid until the stapes surgery recovered the
hearing on left ear.

-

L194: A relatively flat regression line was measured on the good hearing side during the
pre-operative assessment indicating a significant error in localizing the target sounds. The
patient tended to orient further away from the target on the good-hearing side before the
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surgery. Better response accuracy with less scatter and overshoot in responses was
achieved after the surgery, degraded slightly in the subsequent visit by increasing scatter
on the good side, and improved again in the final session. On the poor-hearing side, the
responses had a quick recovery and performance was within the normal range or better.
This patient was a hearing aid user on the poor-hearing side for about five years, and
removing the hearing aid at the time of the study could be considered an acute hearing
loss for that side. Meanwhile, a residual asymmetry in hearing thresholds across
frequencies was observed after the surgery.
-

L183: The performance of this patient for localizing the short-duration stimuli was within
the normal range before the surgery and remained accurate post-operatively. This patient
had more than 10 years of UCHL and was not willing to wear a hearing aid on the poor
side.

Long-duration stimuli:
The analysis for the long-duration stimuli was completed similarly to the short-duration stimuli.
The unlimited duration of the stimulus allowed the listeners to correct their head orientation and
reduce the localization error. Indeed, the listeners achieved the benefit of dynamic binaural
difference cues as long as the stimulus was gated on. The individual data of the control group are
shown in Figure 4.10.
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Left hemifield
Slope: 0.97±0.04
Scatter: 3.86±2.81
Overshoot: 0.63±1.10

Right hemifield
Slope: 0.97±0.02
Scatter: 4.44±2.03
Overshoot: -0.21±0.98

Figure 4.10: Response-target plot of the control group for localizing the long-duration stimuli

The three variables of Slope, Scatter, and Overshoot were compared between the right and left
hemifields. Paired-sample t-tests did not show significant differences between the measurements
of the two hemifields: Slope (mean ± SD: R: 0.97 ± 0.02; L: 0.97 ± 0.04; t (6) = 0.51, p = 0.63),
Scatter (mean ± SD: R: 4.44 ± 2.03; L: 3.86 ± 2.81; t (6) = 0.57, p = 0.59), and Overshoot (mean
± SD: R: -0.21 ± 0.98; L: 0.63 ± 1.10; t (6) = -2.14, p = 0.08). Therefore, the variables of the
right side were accumulated with the corresponding variables on the left side and an average for
each variable was calculated to create one single number for Slope (0.97 ± 0.03), Scatter (4.15 ±
2.38), and Overshoot (0.21 ± 1.10).
Similar calculations were conducted for the study group. The results are plotted in Figure 4.11
and were compared with the normative data.
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Figure 4.11: Performance of the patients for localizing the long-duration stimuli throughout the study period. The shaded area on each
plot shows the mean ± SD of the age-range matched control group.
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Some variations were observed among the individual response patterns:
-

L206: The disrupted performance that was documented during the pre-operative visit was
evident with a shallow slope of the regression line, scattered responses about the target,
and overshoot localization. These characteristics were recovered shortly after the surgery.
The error shown in the scattered responses of the final session was due to an accidental
click on the response key during the experiment. The rate of improvement was similar for
both short- and long-duration sounds.

-

L231: Ambiguous responses on the poor hearing side were apparent pre-operatively with
scattered responses about the target. This erroneous function was resolved at the first visit
after the surgery. The responses were scattered about the target in the good-ear hemifield
once again during the one-year assessment.

-

L229: There was a gradual improvement on both sides, in the form of a reduction in
response scatter that continued until the final session. The performance had a similar
pattern of improvement across sessions for both short and long duration sounds.

-

L194: A quick improvement after the surgery was achieved and remained persistent
throughout the study period. More reliability for accuracy of the responses throughout the
study period was shown with the prolonged sounds than with the short-duration sounds,
suggesting that this patient was more successful in correcting his localization errors when
listening to the long-duration sounds.

-

L183: Accurate performance was observed shortly after the surgery with less scattered
responses than at the pre-operative assessment. However, this accuracy decreased at 6month post-operation as shown by the scattered localization. Considering the long
duration of the hearing loss on the impaired side (>10 years), the patient may have
experienced difficulty in adaptation with the recovered symmetrical hearing following the
surgical treatment. Recovery of localization performance in the normal range was
observed in the one-year follow-up visit, however.
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The total distance of head rotation:
The head-tracking device that the participants wore during the experiment allowed measurement
of the total distance of head rotation relative to the original position at 0 degree. This
measurement was completed during the localization of the long-duration stimuli. The individual
measured values for the control group are plotted as a function of the target loudspeakers in
Figure 4.12.

Figure 4.12: The total distance of head-turn from the original position for localization of the
long-duration stimuli by the control group

Symmetrical performance on both sides was observed for the control group. For a few trials with
the target located at 0 or 180 degrees azimuth, extra movement and corrections were required.
Repeated measures ANOVA were conducted to compare the responses of seven locations
between the two sides. The responses to the targets at 0- and 180 degrees were excluded from
this analysis. There was a significant effect of the target locations (Wilk’s λ = 0.001, F (6, 84) =
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1517.91, p<0.0001, Ƞ2partial = 1), suggesting that the distance of head rotation depended on the
target location. However, there was no effect of side (Right/Left): (Wilk’s λ = 0.99, p=0.85,
Ƞ2partial =0.003), suggesting that there was no difference in localization performance between the
two sides at any given location.
Table 4.4 indicates the mean ± SD and one-sided 95th percentile of the head rotation distance
from the original position for each target location that was completed by the age-matched control
group

Table 4.4: Mean ± SD head rotation distance from the original position to the targets. (age-range
matched control group)
Target angle (degree)
22.5
45
67.5
90
112.5
135
157.5

Side

Mean distance moved (degree)

95th percentile (degree)

R
L
R
L
R
L
R
L
R
L
R
L
R
L

28.85 ± 5.20
30.65 ± 4.70
51.63 ± 9.30
52.61 ± 9.72
70.70 ± 4.96
75.21 ± 12.50
92.49 ± 5.60
92.29 ± 7.14
115.30 ± 5.39
113.99 ± 6.41
138.54 ± 6.34
135.07 ± 5.11
166.89 ± 13.49
162.49 ± 12.61

39.24
39.02
65.39
70.76
78.38
104.88
99.59
104.38
125.90
126.05
149.13
146.94
197.46
193.22

Individual data of the patients were plotted separately for each patient and each of the four visits
(Figures 4.13 and 4.14). The plots include the 95th percentile of the control group data for
comparison with the patients’ performance. As shown in these Figures the performance of all
patients improved soon after the surgery, and the need for extra head rotation to find the targets
on both sides reduced. The improvement continued so that the data of the UCHL group
participants were within 95th percentile of the normative data in the final visit.
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Pre-Operation

Post-Operation 1

Post-Operation 2

Post-Operation 3

Poor ear
Absent

Poor ear

Figure 4.13: The total distance of the head rotation for locating long-duration stimuli. Individual data of the patients (circles) are
superimposed on 95th percentile of the data of the control group for each target (black line). The pre-operative data are shown on the
most left-hand side, and the post-operative measurements are shown on the right-hand side in chronological order. Each row indicates
the data of one patient (L206, and L231).
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Pre-Operation

Post-Operation 1

Post-Operation 2

Post-Operation 3

Poor ear

Poor ear

Poor ear

Figure 4.14: Total distance of head rotation for locating long duration stimuli. Patients (L229, L194, and L183)
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4.3.2.2

Task 2: Use of dynamic binaural difference cues for sound localization

To determine the patients’ ability to overcome front/rear ambiguity, they completed the
front/rear localization task in the two conditions of static head and dynamic head in all three
post-operative visits. The front/rear proportion-correct of the responses were quantified and
plotted separately for wideband noise (WBN) and narrowband noise (NBN) (Figure 4.15). Mean
± SD responses of the age-range matched control group are shown in black symbols, and the data
of the patients are superimposed on the averaged data of the control group.
As shown with blue lines in this Figure and as discussed in Chapter 3, Section 3.3.2.2, the preoperative performance of all but one patient (L183) was below the normal range for both filtered
stimuli. While the patients were experiencing UCHL, they achieved a slight benefit of dynamic
binaural cues by a large head rotation of about 40 degrees to localize front and rear sounds. The
better performance of L183 compared to others could be due to the long-standing UCHL that
allowed the patient to adapt to the altered binaural cues.
Shortly after the surgery, there was a quick improvement in localizing the WBN stimuli. Three
patients (L231, L229, and L183) presented with a successful performance for localizing WBN,
such that dynamic binaural cues were unnecessary for localizing front/rear sounds. The other two
patients (L206, and L194) required 10 to 20 degrees head rotation for achieving successful
localization. They achieved equivalent performance with the normative data within 6 months
post-operation. Interestingly, the performance of L183 in the head-fixed situation was degraded
during the final session. However, binaural dynamic cues provided sufficient information for this
patient to overcome the front/rear ambiguity.
For the NBN with a limited frequency spectrum, all but one patient (L183) could accurately
recognize the front/back location of the target with only 10 degrees of head rotation by 2 months
after the surgery. L183 achieved this benefit at about one year after the surgery. At this time, this
patient still needed a larger head rotation than the others (20 degrees) to localize the front/rear
sounds successfully.
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Front/rear proportion correct

WBN
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L231
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L229

1
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L183

1

0

10

0

0

10

20

40

0

10

20

40

Spatial window (degree azimuth)
Control group, Pre-Operation, Post-Operation 1, Post-Operation 2, Post-Operation 3

Figure 4.15: Front/rear proportion correct for wideband noise (top row) and narrowband noise (bottom row). Mean ± SD of the data
of the control group are shown in black, and the data of the pre-operative and post-operative measurements for each patient are
superimposed on the normative data
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A gradual improvement in the performance of the patients was observed postoperatively. The
variability of the responses reduced during the first visit after the surgery and the performance
became closer to the normative data. All patients could successfully localize the front/rear
stimuli with a minimum of 20 degrees head rotation at this time point. The ambiguity of the
responses with smaller degrees of the head rotation (10 degrees) was reduced after more
experience with bilateral symmetrical hearing, such that better performance was observed during
the 6-month post-operation visit.

4.3.3

Spatial release from masking

The Hearing In Noise Test (HINT) was conducted during all post-operative visits and a similar
procedure was applied for completing this assessment. The score calculation was completed as
was discussed in Chapter 3, Section 3.3.3.
The data of the age-range matched control group was used for comparison with the study group’s
pre- and post-operative measurements. The SNR scores of the control group were slightly better
when the noise source moved to the right side of the listeners (Mean ± SD: noise to the Right: 11.31 ± 2.02 dB, noise to the left: -9.68 ± 1.42 dB). However, no significant difference was
found between the right and left ear performance (t (6) = 2.44, p = 0.051). This result suggested
that both ears of the listeners in the control group had an approximately similar contribution to
speech intelligibility when there was a wideband noise in the background. The Shapiro-Wilk test
showed no violation of normality for these data (p = 0.76). Therefore, the mean ± SD of the data
from the control group were used for determining the normative range.
Figure 4.16 shows the scores from the HINT experiments that were measured pre-operatively
and post-operatively for each patient. The numbers on the y-axis indicate the relative intensity of
the speech to the noise (SNR) at the threshold level. Lower SNRs indicate better performance
since the same percent correct was obtained under more challenging listening conditions. The bar
graphs were labelled with a number to indicate the order of the test (1 for pre-operation; 2 for
post-operation 1; 3 for post-operation 2; 4 for post-operation 3). There are three plots in this
Figure, and each plot shows one test condition. The middle plot indicates the HINT scores that
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were measured in the collocated condition (noise and speech sources in the front), the right and
left plots indicate the spatially separated conditions when the noise source was moved toward the
poor hearing ear/newly operated ear (right plot), and when the noise source moved toward the
good hearing ear (left plot), respectively. The scores of the control group on the right plot
correspond to the noise presentation to the Right ear, and the scores of the control group on the
left plot correspond to the noise presentation to the Left ear. The scores of each patient are shown
in chronological order with the pre-operative scores on the most left-hand side and the
postoperative scores on it right–hand side.
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A) spatially separated

B) collocated

Signal to Noise Ratio (dB)

L206

L231

L229

L194

L183
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C) spatially separated
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Figure 4.16: HINT scores for three conditions and four test sessions. A) spatially separated condition (speech at 0 degree, noise at -90
degrees or poor hearing side), B) collocated condition (noise and speech at 0 degree), C) spatially separated condition (speech at 0
degree, noise at 90 degrees or good hearing side). Negative numbers on the y-axis indicate better performance than the positive
numbers. Black bars show mean ± SD of the scores for the control group (n=7). Each colour represents the data of one patient. For
each patient, the left bar graph indicates the pre-operative score (assigned with number 1) and the following bar graphs on the right
side are post-operative scores (shown by numbers 2, 3, and 4).
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As shown in the above plots, the HINT scores of the patients changed in all test conditions after
the surgery. The highest amount of change in the HINT scores occurred post-operatively for the
spatially separated condition when the noise source moved toward the good hearing side. All but
one patient (L183) showed an improvement in this score following the surgery. The
improvement for this patient was delayed until 6 months after the surgery. This patient had a
long-standing unilateral hearing loss (>10 years) with no history of amplification. The
improvement pattern for the collocated condition exhibited between-subject variability,
suggesting that in a difficult listening situation when the noise and speech sources are collocated,
further experience may be required for some patients after symmetrical hearing is recovered.
This result could be considered when counselling patients in order to provide an appropriate
expectation from their treatment.
The benefit of the spatial release from masking was calculated using the equation that was
introduced in Chapter 3, Section 3.3.3. The calculated benefit shows the improvement in speech
recognition thresholds in background noise for each patient across test sessions. The results are
plotted in Figure 4.17. This plot provides a visual comparison of the improvement in speech
perception in noise between the two spatially separated conditions.
Positive numbers on the y-axis indicate improvement in HINT scores when the noise and speech
sources were separated relative to the collocated condition. The dotted horizontal lines and the
gray patch indicate mean ± SD scores of the control group. Each colour represents the data of
one patient across the study time. The data on the left side of the plot illustrate the performance
when the noise source moved toward the good hearing ear, in which case the poor ear was the
“better ear” acoustically. The data on the right side of the plot indicates the performance when
the noise source moved toward the poor hearing ear/operated ear, in which case the good ear was
the “better ear” acoustically.
All but one patient (L183) had a quick restoration of the speech intelligibility in background
noise following the surgery with slight improvement after that. The patient L183 required more
than 6 months of experience hearing with the operated ear to achieve near-normal speech
intelligibility when the noise interfered with his listening with the good ear.
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L183B
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L183D

L194
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L194D

L229
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Figure 4.17: The benefit of spatial release from masking. The dotted horizontal line and the gray
patch indicate mean ± SD improvement for the control group. Each colour represents the data of
one patient during the pre- and post-surgery visits.

4.3.4

Interaural time difference (ITD) discrimination threshold

The procedure for conducting this psychoacoustic experiment was explained in Chapter 3,
Section 3.3.4. Three runs of the Left-Right discrimination task were completed during the postoperative visits for each participant. The stimulus levels were adjusted to 40 dB above the
average low-frequency thresholds (250, 500, 750, 1000 Hz) that were measured before starting
the test.
Figure 4.18 shows the mean ± SD of the ITD discrimination threshold of the control group
(69.14 ± 27.11 μs) with the dotted horizontal line and the shaded area. The pre- and postoperative data of each patient are shown with the corresponding colour code. The ITD
discrimination thresholds that were measured in each session are shown numerically on the plot.
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ITD discrimination threshold
10000
3,589.8

1,908.7
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72.7

100

93.2
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84.8
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57.5
69.1

45.5

35.7

33.6

31.6

10

Participants' ID and test time
Figure 4.18: ITD discrimination thresholds throughout the study time for each patient as a
comparison with the normative data (mean ± SD).

The calculated thresholds for the control group were compared among the three runs. Repeated
measures ANOVA indicated that there was no effect of the test iteration on the test results
(Wilk’s λ = 0.63, F (2, 5) = 1.48, p = 0.31). Therefore, the measured thresholds from the three
runs were averaged to indicate one single number to represent the ITD discrimination threshold
for the age-range matched control group. The Shapiro-Wilk test assumed normality for these data
(p = 0.24). Therefore, the mean ± SD of the data from the control group were used to determine
the normative range.
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By the same token, the thresholds that were measured from the three runs of the experiment by
the patients were averaged, and the results were compared with the data of the control group and
across the test sessions.
-

L206 and L183: showed a significantly higher ITD discrimination threshold than the

normative data in pre-operative assessment. However, their performance improved and met the
normative criteria early after the surgery. The measured threshold for L206 remained consistent
in the follow-up session and reversed for L183 in the last appointment. The poorer score in the
final visit of this patient was also observed in the results of sound localization task with head
rotation, suggesting that variability may exist in processing the binaural cues over 14 months
after stapes surgery.
-

L229 and L194: had an ITD discrimination threshold at the upper edge of the normative

values before the surgery. L229 had a gradual improvement in the follow-up sessions with the
best score achieved in the final visit. This gradual improvement was also evident in sound
localization tasks for this patient. L194 had a quick recovery observed at the first post-operative
appointment. This was followed by a reversal within the normal range during the follow-up
sessions and remained persistent thereafter. A similar pattern was observed for localizing shortduration stimuli and use of dynamic binaural difference cues to overcome front/rear localization
ambiguity.
-

L231: The ITD discrimination threshold was not disrupted by the UCHL, and remained

within the normal range with significantly better responses 6 months after the surgery. Similarly,
the normal-like performance for the use of the dynamic binaural difference cues for front/rear
localization was achieved in the third visit for this patient.
In summary, the findings of this experiment indicated that improvement in the ITD
discrimination threshold in some individuals may require up to 14 months after the surgery to be
observed.
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4.3.5

Binaural loudness summation

The loudness growth function was measured in all post-operative sessions with the same
procedure that was explained in Chapter 3, Section 3.2.2.5. The data were compared between
sessions and with the age-range matched normative data.
For the control group, the loudness rating across input levels was compared between the right
and left ears using repeated measures ANOVA. The analysis did not show ear effect for the
rating across levels (Wilk’s λ = 0.62, F (1, 5) = 3.13, p = 0.14, Ƞ2 partial = 0.39). This result
suggested that the individuals in the control group perceived sound at a given input level with a
high similarity between the right and left ears. Meanwhile, a significant correlation was also
found between the right rating and the left rating (r = 0.997, p < 0.0001), suggesting that the
loudness growth function was similar for both ears among these participants. Therefore, the
loudness rating for the right and left ears for each input level were averaged to create a single
rating for each level, and the result was defined as the monaural loudness rating.
The monaural loudness rating was subtracted from the binaural loudness rating to create the
binaural loudness summation rating. The results are shown in Table 4.5.
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Table 4.5: Binaural loudness summation (binaural loudness rating– monaural loudness rating) for the control group
Input level
(dB SPL)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

Mean

0

0.08

0.21

0.17

0.25

0.33

0.38

0.38

0.58

0.58

0.63

0.58

0.58

0.67

0.92

0.96

0.75

0.83

0.25

1

n/a

SD*

0

0.20

0.40

0.20

0.32

0.30

0.34

0.47

0.66

0.52

0.21

0.47

0.49

0.61

0.75

0.66

0.29

0.14

0.35

n/a

n/a

SE**

0

0.08

0.16

0.08

0.13

0.12

0.14

0.19

0.27

0.21

0.09

0.19

0.20

0.25

0.31

0.27

0.12

0.06

0.14

n/a

n/a

Measurement

* SD: standard deviation
** SE: standard error
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For the patients, the loudness growth rating across input levels was plotted for the monaural and
binaural presentations. Regression lines were fit to the monaural and binaural loudness growth
ratings (Figure 4.19). The regression line was fit to the ratings lying between 0.5 and 7, and the
missing ratings for the low levels that were inaudible or for the levels beyond uncomfortably
loud were disregarded. In the Figure, each column represents the data of one patient, and each
row indicates the data of one test session (Pre-operation, Post-operation1, Post-operation 2, and
Post-operation 3). The rating scale was described as: 0 = Do not hear, 1 = Very soft, 2 = Soft, 3
=Comfortable but slightly soft, 4 = Comfortable, 5 = Comfortable but slightly loud, 6 = Loud, 7 =
Uncomfortably loud.
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Figure 4.19: The loudness growth function for monaural and binaural measurements during preand post-operative sessions. The regression lines fitted the individual responses for monaural and
binaural measurements. Filled O with a dashed line show the poor/operated ear, filled Δ with a
solid line show the good ear, and open  with a dotted line show binaural hearing.
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The slope of the loudness growth function was calculated for the monaural and binaural
responses, and the results were plotted across test sessions and were compared with the
normative data (Figure 4.20). The dotted horizontal line is the average slope, and the shaded
area indicates ±1 standard deviation for the control group. Table 4.6 indicates the descriptive
statistics of the control group.
The data of the patients are shown with their corresponding colour code. The data for the poor
hearing/operated ear are shown on the left side, the data for the good hearing ear are shown in
the middle, and the data for binaural presentation is on the right side of the plot.
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0

Participants and test time

Figure 4.20: Loudness growth slope for monaural and binaural hearing across test sessions

Table 4.6: Descriptive statistics associated with the slope of the loudness growth function (rating
steps/dB) for the control group.
Descriptions

Monaural

Binaural

Mean ± SD

0.085 ± 0.016

0.091 ± 0.018

Median

0.083

0.092

Minimum

0.061

0.066

Maximum

0.102

0.1126
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As shown in the above Figure, the rate of loudness growth in the poor hearing ear was greater
than in the good hearing ear and greater than the normative data, pre-operatively. There was a
quick recovery after the surgery for all of the patients. In the good hearing ear and binaural
hearing conditions, variable results relative to the normative data were observed among the
patients:
-

L206: despite having a slight asymmetry in perceiving the sound loudness by the right
and left ears pre-operatively, a typical binaural loudness growth but with a softer
perception than the better hearing ear was observed. This pattern changed postoperatively such that the binaural loudness perception dominated over the monaural
perception. The sound was perceived louder with binaural hearing than the monaural
sounds at high levels.

-

L231: binaural loudness perception increased with increasing sound level with a much
higher rate than the normal-hearing listeners, pre-operatively. This steep slope decreased
gradually to meet the normal range over the following sessions. However, this
improvement was not persistent, and the steep growth of the binaural loudness
summation re-emerged during the final appointment. This reversal occurred only in the
newly operated ear; however, it affected the binaural loudness perception, such that the
binaural loudness growth approached the same level as the pre-operative measures. This
patient was a hearing aid user for the bilateral hearing loss and after the previous surgery
for the opposite ear.

-

L229: the binaural loudness perception increased with increasing level of the input
sound with a slower rate than the monaural sounds, preoperatively. The improvement in
monaural loudness growth occurred gradually throughout a year after the surgery, and
the binaural hearing loudness perception remained within the normal range consistently.
This patient was a hearing aid user on the impaired side.

-

L194: the binaural loudness growth was abnormally faster than the monaural
presentation before the treatment. This abnormality was resolved shortly after the
surgery. However, the asymmetrical rate of loudness growth perception between the ears
remained consistent by the end of the year-long study. This could be due to the residual
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asymmetry in hearing thresholds. This patient was a hearing aid user on the impaired
side.
-

L183: the binaural loudness growth was abnormally faster than the monaural
presentation before the treatment. Meanwhile, the slope of the loudness growth for the
monaural sounds was higher than in the normal-hearing listeners. Following the surgery,
a quick improvement was obtained in the monaural hearing, but the rate of loudness
growth for the binaural sounds remained faster than the control group with no evidence
of further improvement.

The binaural loudness summation rating was computed. For this purpose, the difference between
the loudness rating in monaural and binaural conditions across input levels was calculated for
each measurement using the equation that was defined in Chapter 3, Section 3.3.5. The
calculated values for the patients were superimposed on the normative data that was shown in
Table 4.6. For each participant, binaural loudness summation was not calculated for levels above
the lowest that yielded a rating of 7 (uncomfortably loud).
Figures 4.21 and 4.22 show individual data of the patients using their assigned colour code.
Averaged data of the control group are shown in black symbols connected with a black line. The
error bars indicate the standard deviation for each sound level. Each column represents the data
of one patient across sessions, and each row illustrates the data of one test time.
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Figure 4.21: Binaural loudness summation rating for patients L206, L231, and L229 across test
sessions in comparison with the control group. Shaded area indicates the 30-dB range over which
the average binaural loudness summation was calculated.
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Figure 4.22: Binaural loudness summation rating for patients L194, and L183 across test
sessions in comparison with the control group. Shaded area indicates the 30-dB range over which
the average binaural loudness summation was calculated.
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The average of rating scale of the binaural loudness summation curve was calculated for the
upper 30 dB for each participant to provide a quantitative comparison between the data of the
study and control groups. Figure 4.23 shows the calculated values for the patients across the
study duration superimposed on the normative data. The normative values (mean ± SD: 0.57 ±

Binaural loudness summation
4
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L229B
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L231C

L231

L231B

L206D
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L206B

-1

L206

Average of rating scale for binaural loudness
summation across maximum 30 dB of audibility

0.11) are shown in dotted line and a shaded area.

Participants' ID and test time
Figure 4.23: The average of rating scale of binaural loudness summation curve across upper 30
dB of audibility for each participant in pre- and post-operative visits. The normative values
(mean ± SD) are shown with a dotted line and a shaded area.

As shown in this Figure, the difference between the patients’ binaural loudness summation and
the control group was reduced after the surgery.
-

L206: A quick improvement in binaural loudness summation was observed after the
surgery. During the one-year follow-up visit, this value was numerically similar to the
normative data, but visual comparison indicated a distinct view between the two plots.
This difference consisted of rapid binaural loudness growth that approached the
maximum comfortable level faster than for the normal-hearing listeners. This patient had
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a previous stapes surgery on the opposite ear. Despite having normal hearing thresholds
on both sides, the lack of stapedius muscle function bilaterally may explain the abrupt
increase in loudness perception bilaterally. During the final appointment, the steep
loudness growth function resulted in a binaural loudness summation that approached the
maximum level at 60 dB SPL where it was higher than the normative data.
-

L231: a gradual improvement in binaural loudness summation rating was observed and a
comparable response with the normative data was shown at the 6-month post-surgery
appointment. This patient had a previous stapes surgery on the opposite ear. However, the
difference between the binaural and monaural loudness perception increased after 6
months.

-

L229: the binaural loudness summation rating showed a reverse pattern pre-operatively,
which is similar to the binaural inhibition phenomenon (Hirsh, 1948) – an increase in
binaural hearing threshold compared to monaural hearing that may occur when a lowfrequency stimulus is masked by noise (Hirsh, 1948). Another reversal was observed
during the 6-month postoperative visit but was resolved after that. This patient had a
previous stapes surgery on the opposite ear, and was wearing a hearing aid on the poor
ear before the surgery. The patient had a low-frequency UCHL with a rising pattern
audiogram in the poor hearing ear, and this may explain the binaural inhibition that was
observed before the surgery.

-

L194: a significantly extensive binaural loudness summation rating was observed during
the pre-operative assessment, suggesting that the binaural sounds increased with
increasing level significantly faster than the monaural and the normal-hearing listeners.
This abnormality was resolved quickly after the surgery and even though remained within
the normative range, a reversal pattern is observed during the final visit. The quick
improvement in loudness perception after the surgery may rule out the possibility of
coexisting sensorineural impairment that is commonly believed to be the leading cause of
loudness recruitment. This patient had unilateral otosclerosis and achieved benefit from
amplification before the surgery on the impaired ear.

-

L183: a greater binaural loudness summation rating than the control group was observed
during the pre-operative assessment. This difference reduced over time and numerically
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met the upper bound of the normative range in the final visit. However, the binaural
loudness summation curves suggest that the intensity of the uncomfortably loud sound in
binaural hearing for this patient was lower than that for the control group. This patient
had long-standing unilateral otosclerosis with no history of amplification. The central
gain mechanism may have been compromised by the long-lasting UCHL, resulting in
abnormal loudness perception.

4.3.6

Auditory brainstem response binaural interaction component

Auditory brainstem responses that were collected from channel C7 were analyzed for this study
to compare with the earlier pre-operative measurements.
As was explained in Chapter 3, among the 33 participants with ABR recording in the control
group, the data of five participants were excluded from averaging, since the DN1 amplitude did
not meet the defined acceptance criterion. Three individuals from these five participants were
age-range matched with the study group. Therefore, for comparing the BIC waveforms, their
individual BIC waveforms are shown rather than the average data. These three individuals were
asked to return for repeated measurements; however, the repeated measurements resulted in a
similar finding.
Figure 4.24A illustrates the average ABR waveform of these five individuals, including right,
left, both, and summed monaural ABRs. The wave V peak and the following trough (V’) are
marked by arrows. Each colour represents one measurement condition. The pre-stimulus
recording is specified by a gray shaded area.
Individual BIC waveforms are plotted in Figure 4.24B. On the BIC waveform, a vertical line
indicates the wave V latency in bilateral presentation. The two DN1 that met the amplitude
criterion for acceptance are marked.

V

0.1 μV
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0.1 μV

BIC

Right
Left
Both
Sum

2 ms

2 ms

Pre-stimulus

DN1

V’

Time (ms)

DN1

Time (ms)

Figure 4.24: A) Average ABR waveforms of the age-range matched control group, B)
Individual BIC waveforms

Characteristics of the ABR wave V of the control group for each recording condition are shown
in Table 4.7.

Table 4.7: Wave V characteristics for the control group
Wave V
Measurements
Right

Left

Both

Sum

Latency (ms)
Mean ± SD

15.68 ± 0.93

15.89 ± 0.84

15.84 ± 0.71

15.80 ± 0.91

Amplitude (μV)
Mean ± SD

0.50 ± 0.15

0.50 ± 0.18

0.84 ± 0.30

0.94 ± 0.31

The wave V latency was slightly shorter in response to the right stimulus than the left stimulus.
A Wilcoxon signed-rank test indicated that this difference was not significant (p = 0.07).
Similarly, no statistically significant difference was found between the amplitude of the right and
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left responses (p = 1.0). Latencies of binaural and summed monaural responses were
approximately similar and no statistically significant difference was found (p= 1). The amplitude
of the summed monaural responses was higher than the binaural responses. However, the
Wilcoxon signed-rank test indicated that this difference was not statistically significant (p = 0.7).
This trend of non-significant differences is consistent with earlier reports for normal-hearing
listeners in their middle age and older age when click stimulation was utilized for the ABR
recording (Van Yper et al., 2016).
The BIC waveform for this group of participants was not averaged due to the small sample size
and large variability. The wave V amplitude of the summed monaural ABR was larger than the
binaural ABR for two participants. For these two participants, the DN1 amplitude met the
defined criterion for accepting the DN1 peak. For the other three participants, the difference was
very small or the two waveforms had a similar amplitude.
Considering the between-subject variability in the BIC waveform of the control group, the aim of
this recording for the study group was to indicate the reliability of the responses and changes in
the amplitude of the binaural ABR versus summed monaural ABR.
For our study cohort, similar procedures were utilized for eliciting the ABR in the follow-up
sessions. The behavioral thresholds were measured at the beginning of every session via
monaural stimulus presentations that were followed by the binaural presentation to permit the
level adjustment required for the centred perception. The stimuli were initially adjusted at 40 dB
SL. This level adjustment was feasible post-operatively due to the hearing recovery in the
operated ear. A lower level was used when the sound was reported to be loud. The aim was to
present the bilateral sounds that were perceived in the centre of head.
The final levels that were utilized for the monaural and binaural presentations across the test
sessions are shown in Table 4.8. As shown in this Table, the input levels had a small sensation
level in the poor hearing ear during the preoperative assessment. However, the listeners
described the sound as comfortable but slightly loud when bilateral stimuli were presented. This
perception was consistent with the earlier findings described in section 4.3.5 (binaural loudness
summation). During the postoperative assessments, presentations at higher stimulus levels (30 to
40 dB SL) were reported as comfortable but slightly loud.
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Table 4.8: Adjusted levels for the ABR measurements throughout the study time
ID

Pre-Op
poor ear, good ear
dB SPL (dB SL)

Post-Op1
poor ear, good ear
dB SPL (dB SL)

Post-Op2
poor ear, good ear
dB SPL (dB SL)

Post-Op3
poor ear, good ear
dB SPL (dB SL)

L206

85, 45 (10, 15)

70, 70 (35, 35)

Absent

75, 80 (40, 40)

L231

90, 70 (20, 30)

80, 75 (35, 35)

80, 85 (40, 35)

70, 80 (35, 35)

L229

90, 75 (35, 40)

75, 70 (35, 35)

80, 75 (40, 40)

75, 75 (40, 40)

L194

80, 50 (10, 20)

75, 65 (25, 35)

75, 65 (30, 40)

75, 65 (35, 35)

L183

85, 65 (30, 35)

75, 75 (35, 35)

75, 75 (35, 35)

75, 75 (30, 30)

The ABR waveforms and the calculated BIC were plotted for each session and will be discussed
for each patient separately. On the plots, the dotted line and the shaded area indicate the average
waveform ± the standard deviation of the mean for the age-range matched control group. The
solid line indicates the individual waveform associated with one recording condition that was
superimposed on the average measurements of the control group. The first 5 ms of the recording
represents the pre-stimulus recording. The plots on the left-hand side indicate the preoperative
measurements that are followed by the postoperative measurements in chronological order.
The BIC waveforms are shown in separate plots in which the top row shows the measurement
before the surgery and the lower rows show the measurements after the surgery. A vertical line
on the waveform indicates the wave V peak latency in binaural ABR. The DN1 was marked with
an arrow in the cases in which the amplitude met the defined criterion.
The numeric values of wave V and DN1 latency and amplitude are shown in a Table in
Appendix 2.
Figure 4.25-A indicates the measurements for patient L206. The patient was not available for the
6-month assessment. The preoperative recording showed a small amplitude and delayed wave V
peak latency in the monaural and binaural conditions. The negativity of the BIC (Figure 4.25-B)
could not be recognized from the baseline pre-operatively.
As shown in Figure 4.25-C, the wave V peak latency decreased after the treatment, and the
amplitude increased over time for all measurement conditions. The difference between summed
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monaural and binaural responses is evident in both recording sessions after the surgery. As a
result, the negativity of the BIC became apparent early after the surgery. The DN1 peak was
reliably repeated during the final session and the amplitude met the defined criterion.
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Figure 4.25: A) The ABR measurements for patient L206. B) The BIC waveform over time; vertical line indicates the wave V latency
in bilateral ABR C) changes in wave V amplitude and latency throughout the study period.
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Figure 4.26-A indicates the ABRs recorded during four sessions for patient L231, Figure 4.26-B
indicates the BIC waveform and Figure 4.26-C indicates the changes in the wave V
characteristics over time.
During the preoperative assessment, delayed wave V peak latency and small amplitude relative
to the average control group were observed. The DN1 amplitude agreed with the defined
criterion for the pre-surgery measurements. At the first session after the surgery, despite
reduction in the wave V latency in all measurement conditions, the delay remained greater than
normal. This delay remained persistent throughout the study duration.
Early after the surgery, the amplitude increased in response to the binaural but not to the
monaural stimuli compared to the preoperative assessment. Following computation of the BIC, a
negative peak appeared at a relevant time point corresponding to wave V. The amplitude of this
peak met the criterion for acceptance of the DN1 amplitude. During the 6-month post-surgery
visit, the amplitude of the monaural responses increased, which was reflected as an increase in
the amplitude of the summed monaural relative to the binaural responses. However, the negative
peak in the calculated BIC was smaller than the criterion for acceptance of the DN1 amplitude.
Therefore, the unreliability of the DN1 peak amplitude is additional evidence for ambiguity of
the earlier BIC measurement suggested by the 2-month post-surgery recording.
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Figure 4.26: A) The ABR measurements for the patient L231. B) The BIC waveform over time; vertical line indicates the wave V
latency in bilateral ABR C) changes in wave V amplitude and latency throughout the study period.
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Figure 4.27-A indicates the ABRs recorded during 4 sessions for patient L229, Figure 4.27-B
indicates the BIC waveform and Figure 4.27-C indicates the changes in the wave V
characteristics over time.
Although typical ABRs were elicited in response to monaural and binaural stimulations preoperatively, a prolonged wave V peak with a smaller amplitude than the control group was
observed. The off-line process was completed to calculate the BIC, but the negative peak
corresponding to the wave V peak latency did not meet the criterion for accepting the DN1
amplitude.
Following the surgery, a gradual decrease in latency and increase in amplitude of the responses
to the monaural and binaural stimuli were observed. Shortly after the surgery, a negative peak
consistent with the morphology and characteristics of the DN1 negativity including latency and
baseline-to-peak amplitude emerged. These characteristics were reliably measured during the
following sessions. In all recording sessions, after the surgery, the summed monaural ABR had a
higher amplitude than the binaural ABR, suggesting that the binaural processing at the level of
the brainstem was recovered after the surgery for this participant.
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Figure 4.27: A) The ABR measurements for the patient L229. B) The BIC waveform over time; vertical line indicates the wave V
latency in bilateral ABR C) changes in wave V amplitude and latency throughout the study period.
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Figures 4.28-A indicates the ABRs recorded during four sessions for patient L194, Figure 4.28-B
indicates the BIC waveform, and Figure 4.28-C indicates the changes in the wave V
characteristics over time.
Significant increase in wave V peak latency and decrease in amplitude relative to the control
group were observed pre-operatively. After the surgery, the wave V peak latency decreased and
its amplitude increased bilaterally. This status remained approximately consistent throughput the
study period.
The BIC was computed, and the driven negative peak associated with the wave V latency met
the criterion of acceptable DN1 amplitude only for the 6-month post-operative measurement.
The unreliability of the DN1 might have been caused by the variation in amplitude of the wave V
in ABR recording during the follow up sessions. Considering the test-retest reliability of the
ABR BIC that was discussed in Chapter 2, it was expected that when the BIC is identified after
processing the ABR measurements, it remains stable and is recorded reliably in the follow-up
session with a long inter-session interval. Therefore, the temporary emergence of the BIC during
a year-long study within 6 months after recovering the symmetrical hearing is an unexpected
result.
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Figure 4.28: A) The ABR measurements for the patient L194. B) The BIC waveform over time; vertical line indicates the wave V
latency in bilateral ABR. C) changes in wave V amplitude and latency throughout the study period.
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Figure 4.29-A indicates the ABRs recorded during four sessions for patient L183, Figure 4.29-B
indicates the BIC waveform, and Figure 4.29-C indicates the changes in the wave V
characteristics over time.
This patient had long-standing unilateral otosclerosis on the right ear and no experience of
amplification. During the pre-operative measurement, monaural stimulation of the poor ear
elicited the wave V peak later than in the control group and later than for the good hearing ear.
This asymmetry remained consistent across sessions with no further improvement.
The amplitude of the monaural and binaural responses was smaller than the control group. A
gradual increase in the amplitude was observed over time, but the peak amplitude did not reach
the normative data by the end of the study.
The DN1 negativity was observed only in the 6-month visit after the surgery, but this
morphology was not repeated in the follow-up session, suggesting unreliability of the earlier
emergence of the BIC.
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Figure 4.29: A) The ABR measurements for the patient L183. B) The BIC waveform over time; vertical line indicates the wave V
latency in bilateral ABR. C) changes in wave V amplitude and latency throughout the study period.
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4.4

Discussion

This study revealed the gradual post-surgical improvement in binaural hearing abilities of
patients who experienced unilateral adult-onset conductive hearing loss. The gradual
improvement over this year-long study was observed with between-subject variability. Although
some binaural hearing skills recovered quickly after the corrective surgery for some patients,
others remained unresolved despite recovering normal hearing thresholds shown on the standard
audiogram.
The results of this study showed that there was a significant improvement in air conduction
thresholds across frequencies after the recovery surgery. Although the hearing thresholds of the
operated ear shifted to the normal or near-normal hearing range (at least up to mid frequencies),
this improvement was reflected in limited aspects of the binaural hearing abilities shortly after
the surgery. However, standard audiometry in quiet does not measure binaural hearing abilities.
A gradual improvement in bone conduction (BC) thresholds at 2000 and 4000 Hz was observed.
The largest change occurred at 2000 Hz suggesting that the elevated BC threshold before surgery
was due to the Carhart effect rather than to a sensorineural loss (Cook, Krishnan, & Fagan,
1995). This BC threshold elevation was first described by Carhart (Carhart, 1950), who believed
that mechanical factors could exclusively affect the BC threshold at 2000 Hz. Our study aligned
with other publications (Perez et al., 2009) that have indicated that the Carhart effect could be
extended to other frequencies. Earlier studies (Abdelghaffar et al., 2010; Cook et al., 1995),
reported an improvement in the BC thresholds four weeks after stapes surgery. We found that
this improvement continues up to 20 dB over one-year after the surgery. Abdelghaffar and
collegues (2010) hypothesized that the changes in the inertial component of the ossicular chain,
and the resonance frequency of the middle ear contribute to this result. This finding may be in
contrast with the possibility of changes in the cochlea such as damage to the stria vascularis
caused by invading the toxic substances from the sclerotic tissue to the inner ear structure
(Nelson & Hinojosa, 2014).
Sound localization ability improved gradually after the surgery. Although scattered responses
about the target were the main difficulty in localizing short-duration sounds, prolonged
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presentation reduced this erroneous function for both study and control groups. Long-duration
sounds allow the listeners to obtain the benefit of dynamic binaural difference cues when moving
to locate the sound source and to correct their initial erroneous location estimates (Macpherson,
2013). This benefit was also obtained for resolving front/rear ambiguity, which was similarly
settled between 2 to 6 months after the treatment. The gradual improvement in sound localization
ability of the study cohort was different from the immediate improvement observed in earlier
studies that were conducted to assess the effect of wearing a unilateral earplug (Kumpik et al.,
2010; Van Wanrooij & Van Opstal, 2005).
The gradual improvement pattern of the ITD discrimination thresholds after the recovery surgery
agreed with the pattern of improvement in localization of short-duration sounds. This finding
suggests that the patients restarted using the corrected binaural difference cues for localizing the
sounds in the lateral angle (left/right) dimension. This improvement may require a year or more
to be completed. Low-frequency binaural difference cues are the salient information for
localization in the lateral angle either with head-fixed (Macpherson & Middlebrooks, 2002), or
head-rotation (Macpherson, 2013). The abnormally high ITD discrimination threshold that was
caused by the chronic UCHL was improved after the recovery surgery, and this improvement
continued for up to 6 months for some patients. This result is consistent with the gradual
improvement of the sound localization, and suggests that the study cohort gradually relearned to
utilize the binaural difference cues for locating the sound source after the symmetrical hearing
was repaired.
Neural plasticity in the auditory pathway and the brainstem caused by chronic UCHL changes
processing binaural sounds in the mature auditory pathway. When partial hearing exists in the
poor hearing ear, cue reweighting may occur and therefore, it prompts the listener to use the
intact cues. Since the binaural difference cues are altered, the listeners learn to rely on the
spectral cues, even though those cues are not typically used for that situation (Kacelnik et al.,
2006; Keating & King, 2013). This means that the experience-dependent plasticity is not limited
to the developmental age or a critical period (Keating, Nodal, & King, 2014). When the cue
reweighting results in shifting from binaural difference cues to the spectral cues of the intact ear,
it is expected that the responses will be biased/overshoot to the good hearing side (Van Wanrooij
& Van Opstal, 2007). The listeners who experience acute disruption of binaural cues by wearing

240

a unilateral earplug are more likely to represent such reweighting of cues, where the
morphological and anatomical structure of the external ear on the occluded side is perturbed.
However, our study cohort experienced UCHL due to a conductive disease with no anatomical
and morphological changes in the external ear. Therefore, the overshoot to the good hearing ear
did not occur. Instead, it is proposed that a combination of adaptation to the altered binaural cues
and reweighting of the spectral cues on both sides may have occurred.
Speech intelligibility was reduced in the study cohort regardless of the direction of the noise
source, suggesting that spatial separation of the speech and noise source is necessary but not
sufficient for improving intelligibility when there is a UCHL. The spatial release from masking
(SRM) on both sides was affected by the acoustic attenuation caused by otosclerosis. This
benefit either improved gradually by 6 months after surgery in some patients (L206, L231,
L229), or returned to the normal level after the surgery and remained stable over time (L194). A
recent study indicated the relationship between differentiating a signal from background noise
and binaural temporal processing (Papesh et al., 2017). In addition, these authors reported that
the benefit of SRM could be predicted by recording cortical auditory evoked potentials,
suggesting that this process occurs at the cortical level. There are not applicable data from the
current study to indicate whether any neural plasticity occurred in the cortical regions following
the monaural hearing deficit. The post-operative benefit of the SRM may suggest that the
patients use both top-down and bottom-up processing for improving the speech intelligibility in
noise.
For one patient (L183), the SRM benefit did not reach the normative range by the end of the
study. This patient had a long-lasting unilateral hearing loss without amplification. The duration
of the unilateral hearing loss and lack of sufficient sound exposure may have interfered with
correcting this ability after normal hearing recovery. Speech perception in noise has been shown
to be better for participants with unilateral otosclerosis than for those with the bilateral disease
(De Seta et al., 2009). In the current study no specific pattern was observed for improvement of
the scores over time. This could be due to the small sample size.
The steep loudness growth function shown in this study may be consistent with the impaired
central gain mechanism (Clarkson et al., 2016; Munro et al., 2009) that was discussed earlier in
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Chapter 1, Section 1.1.2. Given that the loudness perception is not completed at the brainstem
level, and the contribution of the cortical regions in binaural loudness perception has been
documented (Röhl et al., 2011), neural plasticity that occurs in the auditory cortex due to
unilateral hearing loss (Popescu & Polley, 2010) may be responsible for this abnormality. The
findings of this study showed that the patients experienced abnormal loudness growth function
and abnormal binaural loudness summation. This abnormality may be due to the phenomenon of
binaural loudness recruitment. Despite the relatively parallel monaural loudness growth for the
UCHL group, binaural sounds increased in loudness faster than for monaural hearing.
McCandless & Goering (1974) showed that patients with unilateral otosclerosis may have
abnormal loudness growth in single frequency testing with the Alternate Binaural Loudness
Balancing (ABLB) test, where the listener is asked to adjust the level of the input sound to one
ear relative to the other ear when the sounds are presented alternatively to the ears. They found
that this abnormal loudness growth occurs at the high level of stimulus between 65 and 90 dB
even though there is a linear loudness growth at the lower levels. They also noted that some
patients performed the ABLB test differently with different frequencies. Another explanation for
the abnormal loudness growth was described as phonophobia (McCandless & Goering, 1974) for
the patients with unilateral otosclerosis after the surgery. However, this assumption was made
for the post-surgery loudness perception, and it was unclear whether this abnormality emerged
after the surgery or was a coexisting symptom of the otosclerosis. Our study showed that the
abnormal binaural loudness perception was evident before surgery, and improved but sometimes
not resolved after surgery.
Binaural processing in the auditory brainstem was assessed by computing the BIC from the
auditory evoked brainstem potentials. Only one patient (L231) showed the BIC waveform
preoperatively with a DN1 amplitude that met the criteria for a response present. One noticeable
difference between this patient and the others is the duration of amplification, as she was a
hearing aid user on the poor hearing side for more than eight years. The hearing aid was initially
prescribed for her bilateral hearing loss and she continued wearing the hearing aid on the left ear
after the stapes surgery on the opposite side. Perhaps maintaining the symmetrical input for a
prolonged duration (eight years) protected the auditory pathway from degeneration. The DN1
amplitude for the other two patients (L206 and L229) did not meet the acceptance criteria before
the surgery. They were either not a hearing aid user (L206) or had been wearing the hearing aid
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for a short duration (about 6 months). During the preoperative assessment, for the patients L194
and L183, no negativity in the computed waveform were recognized within the time window
associated with the wave V peak. Noteworthy is that L194 was a hearing aid user for five years.
However, no detailed information was available regarding the consistent use of the amplification.
These two patients were the oldest in the study group.
Two months after surgery, the DN1 appeared on all computed BIC waveforms, and for all but
one participant (L183) met the acceptance criteria. Among these results, only two of the BIC
waveforms were repeated reliably in the follow-up measurements. This finding suggests the
potential of a quick recovery of the auditory pathway up to rostral brainstem following the
corrective surgery. The recovery process may include restoration of the balanced excitatoryinhibitory neurons in the inferior colliculus which is a requirement for processing binaural
sounds (Ono & Oliver, 2014). However, these changes may occur with some limitations, and
some factors may affect the test-retest reliability of the results across patients.
The two patients who exhibited test-retest reliability of the computed BIC were the youngest
among the study group. A negative relation between age and binaural interaction for lowfrequency tone-burst stimuli has been shown, suggesting a decrease in binaural interaction at the
medial superior olive (MSO), where the processing of the low-frequency stimuli occurs (Van
Yper et al., 2016). The effect of age on cortical responses has been also shown with decreasing
the neural synchrony and reducing the amplitude of P1-N1-P2 (Ross, Fujioka, Tremblay, &
Picton, 2007).
It was expected that the patient with a long-duration of hearing aid use (L231) have a quick and
consistent DN1 recovery. However, an unreliable response was observed after the surgery. This
could be due to the experience-dependent nature of the BIC (Laumen etal., 2016a), and therefore,
may take a longer time to be recovered.
Another explanation for variability in the computed BIC over the follow-up sessions would be
variations of the recorded ABRs that resulted in more variability in the computed BIC waveform
and reduction of the DN1 amplitude.
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The findings of this multiple-experiment study agree with the hypothesis that the perturbed
binaural hearing caused by an acquired UCHL has potential to improve gradually over one year
following corrective surgery. These results are different from the studies that were conducted on
patients with congenital UCHL that indicated a limited improvement in binaural hearing tasks
after the corrective surgery (Wilmington et al., 1994). Although those patients exhibited a
significant improvement in all binaural hearing tasks one month after the surgery, no significant
changes in the results were obtained after the first month.
Corrective surgery in the patients with congenital UCHL did not result in improvement in all
binaural hearing tasks, and their performance was affected by the complexity of the tasks
(Wilmington et al., 1994). In our small study cohort, there were some variabilities among the
participants in the rate of improvement over time, but there were some patients with
improvement in all behavioral tasks by the end of the study. This suggests that the binaural
processing of a matured auditory pathway that is impaired by a progressive UCHL has a
potential of gradual recovery when symmetrical hearing is restored.
.
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Chapter 5

5

Conclusion

5.1 Significance
The current study is the first to assess with multiple experiments the effects of an acquired
chronic unilateral conductive hearing loss on various aspects of binaural hearing in adult
listeners. During this investigation the performance of the listeners who were also registered for
corrective surgery was monitored across 14 months after the surgical intervention.
The results indicate that despite hearing normally with the unaffected ear, the binaural hearing
abilities of a mature auditory pathway are compromised by chronic asymmetrical acoustic inputs.
The extent of the disruption may be affected by the severity of the hearing loss, duration of the
hearing loss, history of amplification, and age.
The findings of the study showed that even a mild UCHL could result in difficulty in performing
some binaural hearing tasks and disrupt binaural interaction along the auditory brainstem.
Although binaural difference cues were disrupted, sound localization was shown within or close
to the normal range for this group of individuals. This may suggest adaptation to the new
binaural cues. However, difficulty in speech intelligibility in the presence of background noise
may remain persistent.
These findings are different from those of the earplugging studies that were discussed earlier, in
which the performance of the listeners was impaired only while wearing the earplug. Our
findings suggest that progressive deterioration of the hearing sensitivity in one ear results in a
different reaction of the auditory system to the perturbed binaural cues compared to the sudden
introduction of the UCHL by wearing an earplug. We showed that adaptation to perturbed
binaural cues could occur for UCHL gradually even with a maximum air-bone gap. Contrarily,
when the UCHL has a sudden onset (as happened for one patient due to middle ear device
failure), the adaptation to the altered binaural difference cues may not be achieved even after 8
months. This is consistent with the earplugging studies that indicated that the sound localization
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performance of some of the participants remained poor even when they wore the plug for more
than 20 days.
Another novel finding from the current study is the abnormal binaural loudness summation that
occurs even with mild UCHL. The evidence for the contribution of the UCHL to this
phenomenon was apparent when a gradual recovery from the abnormal binaural loudness growth
was observed after corrective surgery in patients with otosclerosis. Whether this abnormality is
due to otosclerosis as the specific etiology of the UCHL or is related to the asymmetrical hearing
is unclear, and therefore, further studies are recommended to characterize the effect of the
etiology and the level of UCHL on binaural loudness perception. Among the participants with
UCHL, the etiology of hearing loss for two patients was not related to otosclerosis, but a larger
sample size could provide strong support for this finding. We showed that air-bone gap and age
are not predictive factors for this abnormality, suggesting that this abnormality remains
undiagnosed with typical audiometry and may occur during middle age and older.
The effect of late-onset UCHL was also evident on binaural integration at the brainstem level,
and was reflected in the computed BIC and its diminished DN1 amplitude, regardless of
successful recording of a dominant ABR peak bilaterally. Regardless of a partial recovery in the
recordings from some listeners, between-subject variabilities in the BIC were observed. The lack
of test-retest reliability of the BIC for these listeners was inconsistent with our earlier finding,
discussed in Chapter 2, that long inter-session intervals promote test-retest reliability of the BIC.
One explanation could be the difference in age of the participants between the two studies, and
one could be the history of hearing aid use. Although one patient was a consistent hearing aid
user, the BIC was not identified consistently after hearing recovery. Perhaps changes in hearing
status may require the auditory system to adapt to new stimulus parameters gradually.
Deficits in binaural hearing after reconstructive surgery may be attributed to the aftereffect of the
UCHL. The lack of aftereffect of unilateral acoustic attenuation in earplug studying is another
difference between producing an acute hearing loss with an earplug and gradually driven UCHL
caused by an ear disease. While the former has an abrupt onset, short duration of asymmetry, and
a fast relief upon earplug removal, the latter has a gradual development, long duration of hearing
loss, and relatively slow relief after the surgery.
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Given the gradual post-surgery improvement in binaural hearing tasks for some individuals,
auditory training may trigger the newly recovered symmetrical hearing to get actively involved
in the binaural hearing tasks and accelerate the rate of improvement. The effect of training after
recovery from UCHL has been shown in previous earplug studies in animals and humans.

5.2 Clinical applications
In light of the findings of this study, appropriate counselling the patients with UCHL would be of
great advantage for preserving the binaural hearing abilities and improving quality of life. The
counselling could be focused on
-

Providing sufficient information regarding the consequences of UCHL. The
consequences are attributed to neural plasticity along the auditory pathway due to
asymmetrical hearing and perturbed binaural difference cues. These changes may be
represented as abnormality in speech intelligibility in noise, difficulty in sound
localization, and abnormal binaural loudness perception. All these could affect the
individual’s quality of life.

-

Seeking an applicable intervention, either amplification or medical treatment, to preserve
symmetrical hearing. Balanced hearing prevents neural degeneration and preserves the
central processing of binaural cues. This was shown with DN1-present and normal ITD
discrimination threshold for L231 who was a consistent hearing aid user for her moderate
hearing loss. Existing evidence indicates that there is a low rate of adoption of hearing aid
use for individuals with a low degree of hearing loss, especially when there is normal
hearing on the opposite ear. Increasing the individual’s awareness regarding the
importance of balanced hearing could reduce the risk of difficulty in binaural hearing
performance.

-

Informative interview to create a reasonable expectation from the surgical treatment if
otosclerosis is the pathology of the UCHL. One prominent goal of the surgical treatment
of otosclerosis is to reduce communication barriers. The patients’ awareness regarding
the potential audiological outcomes of the stapes surgery would facilitate their active
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involvement in this gradual improvement and promote awareness of possible limitations
and aftereffects that they may experience. They would then seek opportunities to obtain
the advantage of spatial release from masking, or benefit of dynamic cues for improving
their sound localization.
-

Encouragement to use hearing protection devices if they feel that the sounds are
uncomfortably loud. Our findings showed that the uncomfortable loudness perception
may occur before or after the recovery surgery.

-

Additional attention should be provided when adjusting the hearing aid gain at high
frequencies for the patients with a history of otosclerosis to avoid overamplification of
the loss that is caused by Carhart’s effect rather than the sensorineural deficit.

5.3 Limitations and Future directions
Considering the effect of age on the results of some of the experiments in this study, such as ITD
discrimination threshold and ABR BIC, a larger sample size could improve the interpretation of
the results. This is particularly important when monitoring the listeners’ performance over time.
Meanwhile, the small sample size of this study presented with a diverse background, including
patients with unilateral otosclerosis and patients with bilateral otosclerosis who had stapes
surgery for their opposite ear. This diverse sample provided the advantage of developing a
general description of the results but prevented creating a specific interpretation regarding the
unilateral otosclerosis.
Sound localization was tested in quiet, which may not represent real-life situations. Although it
provides primary information about the participants’ spatial hearing ability in an easy condition,
it may not represent the real situations that the participants experience.
The current study assessed behavioral binaural hearing abilities that are associated with the
processing of binaural acoustic stimulation in the nuclei of the caudal and rostral brainstem.
Those behavioural results were also paired up with measurements of evoked potentials from the
brainstem. However, some of the results may have been affected by the function of cortical
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regions. Further studies are required to assess restoration of cortical evoked potentials following
the treatment of unilateral conductive hearing loss.
The ABR BIC was calculated from measurements made with diotic stimuli. Assessing the
processing of lateralized stimuli in the brainstem may provide information regarding
transmission of dichotic stimuli along the brainstem before and after treatment of the UCHL.
Therefore, further analyses of the available data of the study group that were collected using
dichotic stimuli are hoped to be informative.
The current study indicated that sound localization ability in quiet could take up to six months
after the stapes surgery to be normalized. The effect of training for improvement of sound
localization following normal hearing recovery has been documented in earlier studies in humans
and animals. Therefore, developing an auditory training program to address improvement in
sound localization ability might enhance the rate of relearning for the patients with UCHL.
Similarly, patients with long-lasting UCHL may require a rehabilitative program to achieve the
benefit of spatial release from masking in a shorter duration after the stapes surgery.
Overall, the results of this study suggest that UCHL-driven deficits in binaural hearing improved
throughout a year after the recovery surgery. Some of these changes may last for a long time or
remain unresolved, however. Counselling the patients regarding the consequences of UCHL and
available intervention options, and creating reasonable expectations about the treatment will be
promising.
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Appendix 1
Amplitude and Latency of wave V and BIC across channels during the initial ABR measurement for assessing test-retest reliability
of the ABR BIC
Wave V
Right stimulus

Left stimulus

BIC

Bilateral stimuli

(Right + Left)

DP1

DN1

Channel
Amp*
mean
(SD)

Lat*
mean
(SD)

Amp
mean
(SD)

Lat
mean
(SD)

Amp
mean
(SD)

Lat mean
(SD)

Amp
mean
(SD)

Lat
mean
(SD)

Amp
mean
(SD)

Lat
mean
(SD)

Amp
mean
(SD)

Lat
mean
(SD)

A2

0.36
(0.09)

15.96
(0.20)

0.37
(0.08)

15.91
(0.27)

0.62
(0.15)

15.84
(0.18)

0.70
(0.14)

15.91
(0.21)

-0.002
(0.06)

15.40
(0.40)

-0.21
(0.09)

16.47
(0.29)

A1

0.40
(0.07)

15.9
(0.20)

0.32
(0.07)

15.86
(0.28)

0.60
(0.15)

15.81
(0.17)

0.69
(0.15)

15.89
(0.20)

-0.007
(0.07)

15.35
(0.54)

-0.20
(0.07)

16.45
(0.31)

PO10

0.30
(0.08)

15.97
(0.20)

0.29
(0.06)

15.94
(0.32)

0.49
(0.13)

15.89
(0.21)

0.56
(0.12)

15.95
(0.22)

-0.01
(0.07)

15.37
(0.47)

-0.17
(0.06)

16.34
(0.42)

PO9

0.31
(0.08)

15.95
(0.21)

0.27
(0.08)

15.88
(0.24)

0.49
(0.15)

15.85
(0.21)

0.55
(0.15)

15.91
(0.21)

0.01
(0.05)

15.40
(0.43)

-0.15
(0.06)

16.43
(0.30)

C7

0.52
(0.11)

15.86
(0.19)

0.47
(0.09)

15.77
(0.23)

0.88
(0.20)

15.76
(0.21)

0.97
(0.19)

15.80
(0.21)

0.0003
(0.08)

15.35
(0.46)

-0.27
(0.09)

16.38
(0.25)

Significant
Pairwise
comparison

A2 & PO10
A1 & PO9
A1 & PO10
C7 & all

---------

A2 &
PO10
A2 & PO9
C7 & all

----------

A2 & PO10
A2 & PO9
A1 & PO9
C7 & all

C7 & A2
C7 &
PO10
C7 & PO9

A2 & PO10
A2 & PO9
A1& PO10
A1 & PO9
C7 & all

C7 & A1
C7 &
PO10

------------

------------

A1 & PO9
C7 & A1
C7 & PO10
C7 & PO9

-----------

p-value

p<0.001

p=0.08

p<0.0001

p=0.12

p<0.0001

p<0.0001

p<0.0001

p=0.01

p=0.77

p=0.65

p<0.0001

p=0.28

*Amp: Amplitude, Lat: Latency
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Appendix 2
The wave V and DN1 latency (ms) for the control group and four test sessions of the
study group (pre- & post- surgery)

Participants

Right

Left

Both

Sum

DN1

Control
Mean ± SD

15.75 ± 0.91

15.64 ± 0.95

15.79 ±0.66

15.76±0.82

16.07±0.87

L206
L206B
L206C
L206D

18.03
16.43
N/A
16.53

17.65
16.50
N/A
15.95

17.83
16.15
N/A
16.05

17.68
16.48
N/A
16.03

N/A
16.93
N/A
16.85

L231
L231B
L231C
L231D

17.20
16.80
17.05
16.98

17.43
16.45
16.93
16.85

17.10
16.65
17.05
16.78

17.30
16.58
17.00
16.90

17.70
17.33
17.68
17.20

L229
L229B
L229C
L229D

17.28
16.90
16.58
16.43

17.25
16.68
16.65
16.75

17.20
16.70
16.48
16.53

17.25
16.80
16.63
16.50

N/A
17.55
16.78
17.65

L194
L194B
L194C
L194D

17.85
16.90
17.03
16.95

19.38
17.98
17.25
17.50

17.78
16.83
16.88
17.08

17.88
17.25
17.25
17.30

N/A
18.18
18.05
17.90

L183
L183B
L183C
L183D

17.28
17.18
17.43
17.28

15.80
15.98
16.00
16.75

16.00
15.90
16.45
16.95

16.13
16.73
17.23
16.83

16.55
17.65
17.50
16.75
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Appendix 3
The wave V and DN1 amplitude (μV) for the control group and four test session of the
study group (pre- post-surgery)

2 σ of the BIC

Participants

Right

Left

Both

Sum

DN1

Control
Mean ± SD

0.47 ± 0.15

0.46 ± 0.19

0.80 ±0.27

0.87±0.32

-0.09±0.08

L206
L206B
L206C
L206D

0.167
0.318
N/A
0.4712

0.112
0.319
N/A
0.622

0.334
0.397
N/A
0.844

0.272
0.536
N/A
1.000

0.06
0.22
N/A
0.14

0.08
0.09
N/A
0.12

L231
L231B
L231C
L231D

0.331
0.332
0.420
0.290

0.306
0.300
0.379
0.350

0.563
0.737
0.692
0.509

0.597
0.616
0.787
0.553

0.19
0.11
0.09
0.13

0.10
0.10
0.10
0.15

L229
L229B
L229C
L229D

0.325
0.354
0.392
0.490

0.247
0.324
0.299
0.393

0.543
0.585
0.537
0.800

0.577
0.661
0.688
0.868

0.04
0.25
0.18
0.11

0.12
0.12
0.05
0.07

L194
L194B
L194C
L194D

0.268
0.429
0.387
0.387

0.121
0.301
0.302
0.369

0.302
0.649
0.634
0.676

0.263
0.675
0.681
0.728

N/A
0.04
0.11
0.06

0.09
0.08
0.06
0.08

L183
L183B
L183C
L183D

0.134
0.188
0.301
0.253

0.153
0.178
0.270
0.259

0.220
0.352
0.358
0.433

0.195
0.366
0.449
0.439

0.05
0.04
0.09
0.06

0.07
0.07
0.07
0.13
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